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Papers  presented  at  the  Flight  Mechanics  Panel  Symposium  held  in 
Lisbon,  Portugal  from  28th  to  31st  May  1990. 


Preface 


Military  transport  aircraft  and  helicopters  will  continue  to  be  of  increasing  importance  in  future  military  operations.  Due  to 
economic  constraints,  military  transport  aircraft  technology  has  not  rec«wri  the  same  level  of  attention  that  has  been  directed, 
for  example,  to  combat  aircraft.  In-service  fleets  of  transport  aircraft  are  also  becoming  physically  old  and  technically  outdated, 
and  are  less  and  less  capable  of  fulfilling  the  more  demanding  mission  requirements. 

It  was  therefore  considered  important  and  timely  to  review  this  area  and  assess: 

—  The  present  and  perceived  future  military  roles  and  requirements  for  airlift; 

—  The  developments  in  technology  necessary  to  fulfill  the  requirements; 

—  The  extent  to  'vhich  technology  developed  for  civil  applications  can  enhance  the  capabilities  of  military  transport  aircraft 
and  helicopters; 

/ 

—  The  kind  of  technology  that  can  bring  real  cost  reduction;  and  / 

/ 

It  was  also  considered  important  to  review  the  current  and  future  development  programmes  in  this  field,  and  assess  to  what 
extent  they  embody  the  new  technologies. 


A  Symposium  sponsored  by  the  Flight  Mechanics  Panel  of  AGARD  was  seen  as  the  best  way  of  examining  some  of  these 
aspects.  The  Symposium  included  sessions  on  operational  experience  and  requirements;  cockpit  design  and  aircrew 
performance;  specific  technologies  such  as  fuel,  powerplant  and  aerodynamic  design;  and  a  review  of  current  and  new 
programmes,  (Js)  4-  'J V*  t  .-J  \Ct*W+t 
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Preface 


II  y  a  tout  lieu  de  croire  que  I’importance  croisante  que  est  accord  ee  aux  aeronefs  et  aux  helicopteres  de  transport  militaires  sera 
maintenue  lors  des  operations  militaires  futures.  Jusqu'ici,  en  raison  des  contraintes  economiques,  les  technologies  entrant  dans 
la  construction  des  aeronefs  de  transport  militaires  n'ont  pas  suscite  le  raeme  interet  que  celles  employees  pour  les  avoins  de 
combat  par  example. 

Les  flottcs  d’avions  de  transport  qui  sont  en  service  a  rheure  actuelle  son t  vieillissantes,  techniquement  demodees  et  de  moins 
en  moins  aptes  a  repondre  aux  exigences  de  certaines  missions  difficiles. 

II  a  done  etc  considere  comine  nccessaire  et  opportun  d’examiner  I’etat  actuel  des  connaissances  dans  ce  domaine,  ainsi  que 
d’evaluer: 

—  le  role  militaire  present  et  future  et  les  specifications  du  transport  aeriert  mititaire. 

—  les  developpements  dans  les  techniques  necessaries  pour  repondre  a  ces  specifications. 

—  la  mesure  dans  laquelle  les  technologies  developpees  pour  des  applications  civiles  peuvent  servie  a  augmenter  les  capacites 
des  avkms  et  helicopteres  de  transport  militaire. 

—  les  technologies  susceptibles  d’amener  une  veritable  reduction  des  couts. 

11  a  egalement  ite  considere  comme  important  de  faire  le  point  des  programmes  de  develcppemen*  actuels  et  projetes  dans  ce 
domaine,  et  d’estimer  leur  contribution  potentielle  pour  des  technologies  nouvelles. 

Le  Panel  AGARD  de  la  Mecanique  de  Vol,  a  decide  que  ['organisation  d’un  symposium  fut  Tune  des  meilleures  voies  pour 
examiner  certaines  de  ces  questions. 

Le  symposium  comprit  des  sessions  sur  les  specifications  et  I’experience  operatkmnellts,  la  conception  du  poste  de  pilotage  et 
les  performances  des  equipages,  les  technologies  employees  dans  des  domaines  specifiques  tels  que  les  combustibles,  les 
propul  seurs  et  la  conception  aerodynamique,  ainsi  qu’un  resume  des  programmes  en  cours  et  prevus. 
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KEYNOTE  ADDRESS 


by 

Group  Captain  Keith  Chapman 
Arms  Control  &  Disarmament  Brandi 
Plans  &  Policy  Division 
International  Military  Staff 
NATO,  Brussels 
Belgium 


Before  beginning  this  address,  I  wanted  to  make  one  or  two 
points  about  ay  credentials.  Although  I  was  the  senior  officer 
involved  in  airlift  oparationa  at  SHAPE  until  a  few  months  ago,  and 
remain  very  Interested  in  the  future  employment  and  applications  of 
air  transport  forces,  I  am  now  working  in  rfn  entirely  different  field 
(arms  control)  at  NATO  HQ.  Accordingly,  I  shall  not  be  expressing  an 
official  NATO  view  this  morning  but  only  a  personal  opinion  from  the 
perspective  of  my  current  position  in  NATO. 

We  stand  today  at  one  of  the  major  crossroads  of  history. 
After  more  than  four  decades  of  facing  up  to  the  threat  from  a 
Soviet-led  Warsaw  Pact,  whose  offensive  posture  has  been  only  too 
obvious,  NATO  suddenly  finds  Itself  confronting  an  altogether 
different  challenge  -  a  challenge  which  requires  the  Alliance  to 
maintain  a  credible  strategy  against  a  rapidly  changing  background  of 
international  relations.  Since  airlift  missions  are  always  conducted 
in  support  of  other  military  tasks,  and  since  airlift  concepts  of 
operations  can  never  be  divorced  from  overall  defence  policy,  I 
thought  I  should  begin  my  remarks  to  this  important  and  timely 
symposium  by  commenting  upon  the  remarkable  changes  which  are 
beginning  to  transform  the  politico-military  landscape . 

As  you  know,  the  tempo  of  change  has  been  truly  breathtaking. 
In  the  space  of  just  a  few  short  months,  which  will  probably  come  to 
be  seen  as  one  of  the  most  significant  periods  in  this  or  any  previous 
century,  the  political  climate  has  changed  almost  beyond  recognition. 
To  continue  with  the  meteorological  analogy,  the  cold  front  and 
associated  depression  which  has  dominated  the  political  weather  in 
Eastern  Europe  for  so  long  is  rapidly  giving  way,  under  high  pressure, 
to  anticyclonic  conditions,  and  the  long-term  outlook  calls  for  "Open 
Skies"  and  good  visibility.  Of  course,  the  impact  of  these  changes 
has  not  been  confined  to  Eastern  Europe,  where  progress  towards 
democracy  has  developed  an  unstoppable  momentum.  Here  also  in  the 
West  the  nature  and  pace  of  those  profound  changes,  coupled  with  the 
radical  policies  now  being  pursued  by  President  Gorbachev,  have  had  a 
tremendous  impact  on  political  and  public  opinion  alike.  As  a  result, 
all  Alliance  governments  have  become  committed  to  seeking  (and  in  some 
cases  to  demanding)  significant  arms  reductions  and  an  appropriate 
re-shaping  of  NATO  roles,  strategies  and  capabilities. 

Even  as  recently  as  last  autumn,  no-one  could  have  predicted 
the  extent  to  which  political  and  public  perceptions  and  expectations 
would  become  so  dramatically  transformed  over  a  period  of  only  a  few 
months.  That  said,  the  NATO  Alliance  has  long  recognized  that  the 
world  has  far  too  many  weapons  and  has  for  many  years  tried  to  achieve 
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international  stability  and  security  at  a  much  lower  level  of  forces 
than  those  currently  deployed  In  Europe.  Now,  aa  a  result  of 
developments  in  Eastern  Europe,  plus  our  massive  investment  In 
building  up  and  maintaining  a  strong  defence  over  the  past  four 
decades,  we  are  on  the  brink  of  achieving  this  hitherto  elusive  goal. 

Following  the  treaty  on  intermediate  nuclear  forces  signed  in 
December  1987,  it  now  seems  certain  that  Presidents  Bush  and  Gorbachev 
will  sign  another  on  reductions  in  strategic  nuclear  systems  within 
the  next  few  days.  Meanwhile,  the  negotiations  on  reductions  in 
Conventional  Forces  in  Europe  -  better  known  as  the  CFE  talks  - 
continue  in  Vienna  and  will  hopefully  culminate  in  a  formal  treaty 
before  the  end  of  this  year.  It  is  worth  noting  that  the  CFE 
negotiations  are  addressing  reductions  (within  continental  Europe  from 
the  Atlantic  to  the  Urals)  in  the  following  specific  categories: 

*  Main  battle  tanks 

*  Armoured  combat  vehicles 

*  Artillery 

*  Combat  Fixed-Wing  Aircraft 

*  Combat  Helicopters 

*  US  and  Soviet  stationed  troops 

Agreed  figures  for  each  category  are  still  subject  to 
negotiation  but  the  key  objectives  remain  clear: 

*  To  establish  a  stable  balance  of  conventional  forces  at 
lower  levels  than  those  currently  in  place. 

*  To  eliminate  imbalances  which  could  be  prejudicial  to 
stability  and  security. 

*  To  eliminate  the  capability  for  launching  surprise 

attacks  or  large-scale  offensive  actions. 

For  various  reasons,  progress  in  Vienna  has  been  rather 
disappointing  in  recent  weekB  but,  given  sufficient  high  level 
political  direction  -  and  both  President  Bush  and  President  Gorbachev 
seem  equally  determined  that  the  arms  control  process  should  continue 
on  its  successful  path  -  there  is  every  reason  to  assume  that  the 
problems  will  be  resolved.  Accordingly,  most  analysts  expect  a  CFE 
treaty  to  be  signed  later  this  year,  covering  some  or  all  of  the 
weapon  systems  I  mentioned  a  few  moments  ago. 

So  much  for  the  background.  The  question  we  must  address,  in 
the  context  of  this  symposium,  is  "What  are  the  implications  fer 
military  airlift  capabilities  and  concepts  of  operations?"  Make  no 
mistake;  there  will  be  implications.  For  example,  no-one  seriously 
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doubts  that  military  expenditure  will  be  reduced  to  a  greeter  or 
lesser  extent  in  eU  Alliance  states  in  an  attempt  to  obtain,  and  to 
be  seen  by  the  voters  to  obtain,  the  so-called  "Peace  Dividend".  In 
some  countries,  tbn  government  (or  opposition  party,  if  elected),  is 
already  committed  to  making  large  reductions  in  defence  spending  at 
the  earliest  opportunity.  In  others,  the  government  may  prefer  to 
hold  budgets  at  approximately  current  levels  In  cash  terms,  whilst 
allowing  them  to  decay  in  real  terms  due  to  the  corrosive  effects  of 
inflation.  But  however  the  reduction  is  achieved  -  whether  overtly  or 
by  stealth  -  the  net  effect  will  be  the  same.  Even  after  allowing  for 
savings  resulting  from  the  reduced  numbers  of  tanks,  artillery  and 
other  weapon  systems  -  and  remember  that  these  savings  will  probably 
be  largely  offset  by  the  costs  of  the  associated  destruction  and 
verification  regimes,  especially  in  the  initial  years  of  CFE 
Implementation  -  there  will  not  be  enough  money  to  sustain  the 
remaining  elements  of  the  inventory  at  existing  levels.  Almost 
certainly,  events  will  then  follow  an  all-too-familiar  course. 

Defence  commitments  and  capabilities  will  be  reviewed;  priorities  will 
be  re-assessed;  and  hard  decisions  will  have  to  be  taken  on  which 
capabilities  must  be  preserved  and  which  capabilities  should  be 
sacrificed  to  allow  those  others  to  be  retained.  Many  of  you  at  this 
symposium,  regardless  of  nationality,  will  remember  what  has  happened 
in  the  past  when  budgetary  pressures  have  forced  governments  and 
Ministries  of  Defer. ce  to  identify  candidates  for  savings.  All  too 
frequently,  military  airlift  has  been  assessed  as  "nice  to  have"  but 
not  sufficiently  vital  to  retain  when  forced  to  compete  for  scarce 
funds  with  othe  military  priorities  and  capabilities. 

Please  don't  misunderstand  me.  I  am  not  saying  that  air 
transport  forces  will  on  this  occasion  have  to  bear  more  than  their 
fair  share  of  the  coming  "pain  and  grief".  I  am  merely  drawing 
attention  to  the  obvious  fact  that,  despite  their  many  qualities  and 
advantages  (to  which  I  will  return  in  a  few  moments)  airlift  forces 
are  always  likely  to  be  vulnerable  to  excessive  pruning  when  military 
budgets  are  squeezed  hard.  As  far  as  I  know,  neither  NATO  nor 
National  Defence  staffs  have  yet  had  a  chance  to  study  the  strategic 
implications  of  arms  control  and  budget  reductions,  much  less  the  more 
detailed  questions  of  doctrine,  concepts  and  posture.  Events  have 
simply  been  moving  too  fast.  In  any  case,  it  makes  sense  to  adopt  a 
cautious  and  measured  approach.  Before  deciding  if,  how  and  when  its 
defence  policy  should  be  revised,  the  Alliance  needs  to  await  the 
outcome  of  the  CFE  Treaty,  monitor  events  in  the  USSR  over  a  longer 
period,  and  satisfy  itself  that  a  unified  Germany  will  be  firmly 
embedded  within  NATO. 

Nevertheless,  we  now  know  that  policy  and  strategy  reviews 
will  take  place  within  the  foreseeable  future  at  both  the  national  and 
International  level.  Assuming  that  a  worthwhile  CFE  treaty  can  be 
signed,  complemented  if  possible  by  a  comprehensive  package  of 
Confidence  and  Security  Building  Measures,  the  Soviet  Union's  posture 
west  of  the  Urals  will  lose  much  of  its  potential  for  large-scale 
offensive  action.  At  the  s&me  time,  the  emergence  of  truly 
Independent  governments  in  Poland,  Czechoslovakia  and  Hungary  will 
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create  a  buffer  between  NATO  territory  la  central  Europe  and  the 
Soviet  Union,  and  thereby  further  reduce  the  USSR's  capacity  for 
surprise  attack. 

But,  aa  you  know,  the  political  and  economic  situation  lnalde 
the  USSR  la  likely  to  remain  extremely  grave  for  some  time  to  come  as 
Gorbachev  struggles  to  implement  his  reforms  while  trying  to  avoid 
presiding  over  the  break-up  of  the  Soviet  Union  as  one  republic  after 
another  queues  up  to  demand  independence  from  Moscow.  Such  an  unstable 
and  volatile  situation  In  a  state  which  Is  as  militarily  powerful  as 
the  USSR  Is  fraught  with  danger,  and  It  would  therefore  be  folly  for 
the  Alliance  to  lower  its  guard  too  soon.  With  that  In  mind,  and 
assuming  that  arms  reductions  are  implemented  more  or  less  as  planned, 
I  believe  that  military  airlift  could  and  should  attain  not  a  lesser 
but  a  greater  importance  in  any  future  spectrum  of  western  defence 
capability. 

My  rationale  for  this  assertion  is  as  follows.  First,  let  us 
consider  the  future  situation  within  Europe.  Force  levels  on  both 
sides  will  be  reduced,  the  Soviet  posture  will  become  less  threatening 
and  warning  time  of  any  Soviet  aggression  will  increase.  However,  the 
simple  facts  of  geography  mean  that  the  USSR  will  still  be  able  to 
deploy  forces  from  Bast  to  West  more  rapidly  than  the  USA  and  Canada 
can  deploy  reinforcements  across  the  Atlantic.  In  view  of  the  slow 
speed  of  ships  and  their  vulnerability  to  various  forms  of 
interdiction,  it  will  therefore  be  vital  for  NATO  to  retain  a 
dedicated  force  of  alrllfters  that  can  deploy  large  numbers  of  key 
personnel  and  urgent  supplies  to  Europe  from  North  America  witMn  a 
relatively  short  timescale. 

The  advantages  of  reach  and  rapidity  of  response  over  vast 
distances  -  which  only  airlift  can  provide  -  were  clearly  demonstrated 
during  the  Arab/Israell  War  of  1973.  Although  this  was  rather  a  short 
war,  It  was  over  by  the  time  the  first  logistic  supplies  arrived  in 
Ierael  by  sea  from  the  USA.  Meanwhile,  the  USSR  had  airlifted  15,000 
tons  of  supplies  to  Egypt  and  Syria,  and  nearly  twice  that  amount  had 
been  flown  into  Israel  by  a  combination  of  civilian  and  military  air 
transport  assets. 

One  could,  of  course,  cite  many  more  examples  from  the 
post-war  era  in  which  alrllfters  (both  fixed  and  rotary  wing)  have 
repeatedly  moved  troops,  equipment  and  logistic  supplies  over 
distances,  terrain  and  within  timescales  that  would  have  been 
impossible  by  any  other  means.  In  fact,  during  the  40  years  since  the 
Berlin  Airlift  (1948/49)  -  an  operation  which  above  all  others 
demonstrated  that  air  transport  forces  could  be  a  powerful  factor  in 
the  application  of  political  as  well  as  military  pressure  -  all  major 
powers ,  and  many  lesser  ones ,  have  come  to  recognize  that ,  in  the 
final  analysis,  a  sovereign  Btate  must  be  ready  and  able  to  use  force 
in  defence  of  its  vital  interests.  If,  when  these  Interests  are 
threatened,  sufficient  forces  are  not  already  in  place,  they  must  be 
deployed  quickly  to  where  they  are  needed.  Frequently,  the  time 
factor  will  be  critical,  in  which  case  only  airlift  will  suffice. 
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What  I  am  saying,  of  course,  is  that  airlift  already  is  -  and 
will  continue  to  be  in  the  new  era  of  arms  reductions  -  a  major 
instrument  of  deterrence  and  force  projection.  Neither  army  nor  air 
combat  units  can  realise  their  full  potential  unless  they  can  be 
rapidly  deployed  to  where  they  are  needed.  This  is  not  to  say  that 
forces  can  be  quickly  deployed  only  by  air;  in  some  cases,  involving 
distances  of  just  a  few  hundred  miles ,  it  may  be  almost  as  fast  and 
certainly  more  cost-effective  to  deploy  by  truck  or  train  if  suitable 
roads  and  railways  are  available.  Moreover,  airlift  can  never  compete 
In  terms  of  payload  with  the  massive  capacity  of  a  good  pallway  system 
or  fleet  of  cargo  ships.  On  the  other  hand,  it  remains  a  basic  fact 
of  military  life  that  force  projection  can  seldom  be  achieved  without 
recourse  to  at  least  some  airlift. 

For  example,  we  all  know  that  fighter  aircraft  cannot  operate 
effectively  away  from  their  home  base  without  groundcrew,  specialist 
equipment  and  weapons.  Most  if  not  all  of  this  logistic  support  must 
be  airlifted  if  the  inherent  speed  and  flexibility  of  the  combat 
aircraft  themselves  are  not  to  be  degraded.  Even  after  the  CFE  treaty 
is  signed,  there  are  still  likely  to  be  thousands  of  combat  aircraft 
on  both  sides  and  they  will  still  need  to  exercise  frequently  - 
sometimes  at  great  distances  from  their  home  bases.  Thus  the 
continued  existence  of  airlift  (and,  where  appropriate  and  available, 
tanker /transport  support)  will  be  crucial  to  the  training 
needs  and  operational  credibility  of  many  alliance  combat  aircraft  units. 

As  for  the  role  of  ground  forces  in  the  new  era,  I  see  no 
reason  to  change  my  view  that  armies  enjoy  full  credibility  only  if 
they  are  able  to  deploy  rapidly  from  their  peacetime  bases  to  wherever 
they  may  suddenly  be  needed  -  both  within  the  future  European  theatre 
and  in  other  parts  of  the  world.  Conversely,  ground  forces  which 
cannot  call  upon  at  least  some  dedicated  fixed-wing  and  helicopter 
airlift  are  certain  to  lack  reflexes  and  mobility,  and  as  a  result  may 
be  powerless  to  invervene  effectively  in  situations  where,  with  the 
benefit  of  air  mobility,  they  might  otherwise  be  able  to  play  a 
decisive  role. 

Perhaps  at  this  point  I  can  draw  your  attention  to  the 
distinction  between  rapid  reinforcement  (entailing  the  deployment  of 
forces  by  air  to  strengthen  an  existing  base  or  garrison)  and  the 
wider  concept  of  using  airlift  to  intervene  in  areas  where  there  may 
previously  have  been  no  military  presence.  Although  the  ability  to 
undertake  rapid  reinforcement  operations  offers  a  variety  of 
political,  operational  and  economic  advantages  -  especially  in  the 
future  when  NATO  strategy  will  probably  rely  even  more  heavily  on 
reinforcements  than  it  does  ..oday  -  the  capacity  to  insert  forces  by 
air  whenever  and  wherever  they  are  needed  is  arguably  more  important. 
Although  prospects  for  peace  in  Europe  have  never  been  better,  there 
are  other  areas  of  the  world  -  notably  the  Middle  East  and  some  parts 
of  Africa  -  which  remain  dangerously  unstable.  Currently,  the  West 
has  little  or  no  permanently-baaed  units  in  those  areas,  but 
who  can  say  when  we  might  need  to  apply  some  military  pressure?  It  is 
another  reality  of  politico-military  life  that  early  deployment  of 
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even  a  modest  force  can  often  defuse  or  etabilise  a  potentially 
danger 01.8  or  deteriorating  situation. 

I  would  also  contend  that  the  possession  of  even  a  United 
air  transport  capability  -  which  is  to  say  enough  airlift  to  apply  at 
least  sone  measure  of  force  -  will  confer  advantages  out  of  all 
proportion  to  the  resources  involved.  NATO's  ACE  Mobile  Force  (or 
AMF)  is  an  excellent  illustration  of  this  concept.  As  you  probably 
know,  the  AMF  is  a  lightly-armed,  brigade-sized  multinational  force 
which  is  intended  to  reinforce  deterrence  in  a  threatened  area  by 
demonstrating  NATO  resolve  and  solidarity.  In  order  to  be  In  place  in 
time  to  achieve  this  objective,  the  AMF  must  move  with  great  speed  to 
its  deployment  areas  on  the  flanks  from  its  dispersed  locations  on 
both  sides  of  the  Atlantic.  This  means  that  it  must  rely  heavily  upon 
air  transport.  He  may  expect  the  same  principle  to  apply  to  any 
additional  multinational  mobile  forces  which  the  Alliance  may  decide 
to  establish  in  the  coming  years. 

In  summing  up,  I  would  like  to  leave  you  with  the  following 
key  points: 

1.  First,  the  implications  of  the  probable  reductions  in 
some  categories  of  conventional  forces  have  yet  to  be 
fully  addressed.  Until  the  necessary  policy  studies 
have  been  Initiated  and  completed.  It  is  impossible  to 
estimate  the  impact  on  national  postures  and 
Inventories. 

2.  Second,  it  is  reasonable  to  assume  that  military  budgets 
will  eventually  be  reduced  and  that  airlift  forces  may 
once  again  prove  vulnerable.  This  has  already  happened 
in  the  USA  where  the  planned  procurement  of  C-17s  has 
been  cut  back  by  fifty  per  cent. 

3.  Third,  I  believe  that  excessive  cuts  in  airlift 
capability  would  be  undesirable  because  air  mobility  is 
likely  to  assume  greater  importance  as  NATO  moves 
towards  greater  dependence  on  reinforcement,  and  as  some 
Alliance  members  look  Increasingly  to  their  individual 
and  collective  Interests  outside  the  NATO  area. 

As  we  all  know,  airlift  operations  do  not  enjoy  the  glamorous 
image  of  the  combat-orientated  roles,  but  they  do  share  the  classic 
air  power  attributes  of  speed,  reach  and  flexibility  and,  more 
importantly,  they  confer  these  same  qualities  upon  the  forces  which 
they  carry  and  support.  Hence  It  is  not  surprising  that,  within  the 
space  of  only  a  few  decades,  airlift  operations  have  come  to  occupy  a 
pivotal  role  In  the  projection  of  military  power  -  whether  at  the 
strategic,  tactical  or  battlefield  level. 

Of  course  we  would  all  acknowledge  that  there  are  limitations 
to  what  air  transport  operations  can  achieve,  due  to  such  factors  as 
aircraft  capacity  and  performance,  and  the  availability  of  suitable 
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airfields  la  the  right  locations.  We  also  recognise  that  airlift  is  an 
expensive  asset  for  which  demand  is  always  likely  to  exceed  supply. 
Nevertheless,  it  remains  ay  basic  thesis  that  only  airlift  can  provide 
the  rapid  response  which  is  so  essential  if  force  is  to  be  applied  in 
time  to  deter,  counter  or  defeat  aggression.  To  ne,  it  seems 
self-evident  that  both  fixed  and  rotary  wing  alrlifters  will  remain  a 
basic  and  indispensable  instrument  of  defence  policy  and  power 
projection.  I  also  believe  that  the  operational  posture,  reflexes  and 
credibility  of  Alliance  forces  will  continue  to  be  significantly 
enhanced  by  the  extent  to  which  their  key  components  can  be  airlifted. 
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SUMMARY 

Tha  Advanced  Transport  Technology  Miaalon  Analyale  (ATTMAj  ia  a  broad  baaed 
investigation  of  future  tactical  airlift  Mission  requlreaente/end  of  the  attendant 
technologies  necessary  to1'  satisfy  those  requirements-  The  Xttma  study  is  a  joint 
Aeronautical  Syatens  Division,  Deputy  for  Developnent  Planning  (ASD/XR)  and  Wright 
Research  and  Developnent  Center,  Technology  Exploitation  Directorate  (WRDC/TX) 
initiative.  This  paper  addresses  the  approach  taken  in  the  study  effort  and  the 
perceived  needs  for  a  31st  century  Advanced  Theater  Transport  (ATT).  The  descriptors 
"theater,  tactical,  and  intrathaater”  are  used  synononoualy  in  this  paper  and  ara  to  be 
differentiated  froa  a  "strategic"  or  "inter theater"  alrllfter. 


Specific  Military  airlift  tasks  are  defined  in  detail  for  Europe,  Southwest  Asia, 
and  Central  Anerica  that  are  representative  of  the  kinds  of  Missions  that  we  believe 
will  drive  the  deaand  for  theater  airlift  in  the  21st  century.  These  tasks  theiT  asne  < 
as— a- baste  for— conpaeing  the  preduetivity/irfTrjLiveneai^  of  alternative  eyases-  options.-  <i~- 
Presented  are  the  results  of  conceptual  STOL  and  VSTOL  airliftars  relative  to  the 
current  US  airlift  fleet  in  accospliahing  the  tasks  defined  above.  Perceived  syataa 
deficiencies  and  corresponding  naada  ara  identified.  One  such  need  is  improved  cargo 
handling  (loading/unloading  and  tranaahipnent )  for  future  theater  alrlifters  operating 
into  short,  austere  landing  sites  in  or  near  a  threat  environment .\  Whan  one  considers 
the  aany  variations  in  internodal  interfaces  with  present  or  future  alrlifters  and  the 
potential  lncreaae  in  the  need  for  thaatar  airlift  onan  international  scale,  the  cargo 
handling  issue  nay  be  one  of  several  that  could  benefit  greatly  froa  international 
cooperation. 
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The  US  Amy 'a  evolving  Air  Land  Battle  doctrine  features  the  concept  of  a  non-linear 
battlefield  where  versatile  and  highly  Maneuverable  fighting  unitB  ara  operating 
autonnaouely  with  largely  non-existent  or  indefensible  ground  Lines  of  coaaunication. 
Prosecuting  warfare  under  thia  concept  aay  deaand  alrlifters  that  are  highly  responsive, 
capable  of  operating  into  and  out  of  an  austere  coabat  anvironaent  quickly.  In 
exaaining  the  role  of  the  future  theater  airlifter  in  thia  context,  the  alssion  analysis 
and  technology  planners  at  the  Aeronautical  Syateaa  Division  (ASD)  embarked  on  a  program 
of  in-house  and  contracted  aiSsion  analyale,  technology  application,  and  concept 
development  to  understand  the  key  issues  and  to  assess  their  impact  on  aiaaion 
raquireaanta  and  technology  needs.  The  axaaination  of  future  airlift  needs  1b  conducted 
in  the  context  of  three  projected  notional  scenarios i  the  European  Central  Region, 
Southwest  Asia,  and  Central  America.  The  regions  represented  in  these  scenarios  offer  a 
diverse  sampling  of  geographic  features,  infrastructure,  cliaatlc  conditions,  and  threat 
intensities  necessary  for  a  comprehensive  analysis. 


Nlth  perceived  changes  in  Fig  1  in  tha  ways  the  US  aay  be  fighting  future  wars, 
study  efforts  were  focused  on  the  accompli shaent  of  (l)  a  good  understanding  of  the 
problem,  (2)  an  analytical  basis  for  establishing  needs,  (3)  the  Identification  of 
critical  technologies,  and  (4)  the  identification  of  key  system-level  trada-offs. 


To  gain  insights  into  the  problem,  let's  look  at  current  airlift  capabilities  shown 
In  Fig  2.  If  tha  Continental  United  States  (CONUS)  ia  located  on  tha  lower  left  of  thiamyv 
highly  simplified  chart  and  tha  coabat  arena  on  tha  far  right,  then  we  sae  theater V. w 
airlift  operations  today  and  in  the  near-term,  with  tha  alrlifters  aa  shown.  We  can  MB 

operate  into  and  out  of  aoae  of  the  forward  operating  locations  (POLs)  and  forward  E— i 

operating  bases  (FOBs)  with  runways  at  least  3000ft  (900M)  -  4000ft  (1200M)  long  and  ww  |M| 
that  ara  in  the  Aray's  Corps- rear.  But  froa  there,  cargo  for  tha  Army  aust 
transshipped  forward  as  needed  by  available  trucks,  helicopters,  ate.  Tha  big  question 
here  ts,  ^Ia  thi#  going  to  be  good  enough  for  the  21st  century?" 

If  the  Air  Force  la  really  serious  about  supporting  the  US  Aray's  evolving  AlcLand 
Battle  doctrine,  then  Fig  3  depicts  the  future  role  of  theater  airlift  via  tha  m_ 
additional  arrows.-  Hare,  the  future  airlifter  ia  called  upon  to  operate  forward  of  tha 
FOBs  end  FOLe  and  near  and  along  coabut  areas.  On  occaaion  and  under  special  m 

circumstances,  with  axtarnal  support,  tha  airlifter  aay  be  required  to  enter  coabat  - - 

area*.  Further,  as  the  Army  concept  of  a  non-linear  battlefield  avolvea  and  becoaes 
iapleaented,  each  aircraft  alssion  flown  in  support  of  Aray  operations  could  occur  in  an 
active  coabat  area.  As  a  result,  US  alrlifters  aay  ba  required  to  fly  in  hara’e  way 
aore  than  they  have  ever  done  before.  Although  not  preeented  in  this  paper. 
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considerable  work  in  survivability  waa  dona  to  determine  the  goals  (or  tha  nasdsd 
survivability  enhancements. 


Tha  theatsr  transport  of  tha  future,  aa  will  ba  shown  throughout  tha  raat  of  thia 
papar.  may  ba  oallad  on  to  oparata  world-wide  in  a  variaty  of  climatic  conditions 
ranging  from  tha  plains  of  Buropa  to  tha  mountains  of  Southwast  Asia  to  tha  jungles  of 
Central  America,  against  varying  threats  that  are  tar  more  lethal  than  in  tha  past. 
Operations  into  and  out  of  remote  and  auatara  locations  with  unimproved  runways,  limitad 
or  non-existent  landing  aids,  ar.d  in  many  cases,  no  material  handling  equips  ant  will  ba 
required  routinely. 
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APPROACH 

Tha  study  approach  in  Fig  4  began  with  a  "Heads  Analysis."  Tha  Foreign  Technology 
Division  at  Wright-Pattsrson  Air  Force  Bass  developed  a  20  year  threat  projection  to 
airliftara  in  thraa  scenarios,  Buropa,  Southwest  Asia,  and  Central  America.  The  threat 
was  documented  and  is  updated  periodically.  Next,  it  was  necessary  to  postulate  a 
finite  set  of  typical  airlift  tasks  or  jobs  in  each  of  the  three  scenarios  for  the  21st 
century.  This  was  done  with  the  help  of  Military  Airlift  Command  (MAC)  and  the  UB  Army 
and  resulted  in  the  identification  of  approximately  seventy-five  different  cargo 
movement  tasks  or  jobs  that  ware  representative  of  the  nature  and  spectrum  of 
interservice  airlift  tasks  anticipated,  nieae  jobs  constituted  the  "definition  of  the 
problem"  or  the  jobs  to  be  done  by  our  airlift  fleet.  We  next  defined  the  baseline 
fores  in  our  airlift  fleet  as  consisting  of  C-130HS  and  C-17s.  The  deficiency  analysis 
examined  how  well  the  C-130HS  and  C-17a  accomplished  the  set  of  jobs  in  the  threat 
defined  in  each  of  the  three  scenarios.  From  this,  system  deficiencies  were  Identified 
which  in  turn  influenced  system  needs.  Technology  opportunitiea  for  ATTMA  were  examined 
by  the  Wright  Research  and  Development  Center  to  identity  critical  technologies  that 
could  be  applied  to  system  needs. 

After  the  threat,  the  jobs,  the  baseline  force,  the  deficiencies,  and  the  technology 
opportunities  were  defined,  members  of  the  airframe  industry  (Boeing,  Douglas,  and 
Lockheed)  were  engaged  to  provide  potential  solution  concepts  sensitive  to  each  of  the 
elements  in  this  approach.  The  solution  concepts  obtained  were  then  evaluated  by  the 
Air  Force  to  determine  how  wall  they  performed  relative  to  the  baseline  force  in 
accomplishing  the  given  job  sat  in  tha  presence  of  the  projected  threat.  The  General 
Research  Corporation  was  an  additional  contractor  engaged  by  the  Air  Force  to  provide 
specialised  modelling  and  analysis  support. 

This  complete  cycle  through  the  study  approach  has  become  known  as  our  "First 
Iteration."  Several  of  the  following  figures  will  amplify  upon  key  elements  of  the 
study  approach. 

The  representative  airlift  jobs  fall  into  the  five  major  categories  shown  in  Fig  5; 
that  is  deployment,  employment,  retrograde,  reconstitution,  and  alternate  missions.  In 
accord  then  with  the  way  that  a  thirty  day  war  builds  up  in  each  scenario  and  the  way  in 
which  the  combat  areas  were  expected  to  move,  specific  cargo  movements  in  the  operations 
were  defined  in  terns  of  the  job  characteristics  shown.  In  defining  and  adding 
credibility  to  the  jobs,  operational  airlift  expertise  was  c  necessity  and  this  is  where 
both  MAC  and  the  US  Army  were  very  helpful. 

Thirty  representative  ATTMA  jobs  were  defined  for  the  European  30  day  conflict. 
These  jobs  are  highlighted  in  Fig  6  to  illustrate  the  spectrum  of  tasks  chosen. 
Although  not  shown  specifically,  all  jobs  ar*  defined  by  closure  tine,  movement 
priority,  frequency  of  occurrence,  else/ weight,  threat  proximity,  distance  to  delivery, 
etc.  Closure  tine  is  the  time  required  to  deliver  the  total  tonnage  for  a  particular 
job.  Priority  relates  to  an  operational  determination  of  job  importance.  Frequency  is 
how  often  the  job  occurs  in  a  thirty  day  period.  These  parameters  provide  an  indication 
of  the  detail  necessary  to  define  the  jobs  within  a  theater  of  operation. 

Fig  7  presents  bar  charts  of  the  tonnage  distribution  of  the  European  jobs  in  Fig  6 
by  unit  moves,  emergency  resupply,  routine  resupply,  evacuation,  and  retrograde 
equipment.  The  frequency  of  occurrence  of  typical  airlift  activities  and  how  they 
compare  in  total  tons  delivered  are  shown  for  a  fixed  level  of  tonnage  delivered  in  a  30 
day  period .  it  can  be  eeen  that  unit  moves  constitute  36%  of  the  tonnage  moved,  whereas 
emergency  resupply  end  routine  reaupply  together  makeup  sore  than  50%  of  tha  tonnage. 

It’ a  alto  important  to  note  that  ATTMA  is  not  juat  working  the  traditional  airbaee- 
to-airbase  prcblam  in  theater  airlift.  Me  are  concerned  with  where  the  job  begins, 
where  it  ends,  and  the  transportation  modes  snd  ths  infrastructurs  in-between.  The 
intent  is  to  minimise  the  trsvel  time  between  entry  and  delivery  sites  and  thereby 
enhance  responsiveness.  Fig  8  highlights  the  various  delay  points  in  delivering  cargo 
iron  entry  to  delivery  sites  using  s  8TOL  or  conventional  aircraft.  A  VSTOL  concept 
si nl sizes  the  delays  in  flying  directly  from  entry  to  delivery  points.  One  of  the  goals 
of  this  study  is  to  quantify  the  differences  between  8TOL  and  VSTOL  airlift  concepts. 

The  frequency  end  order  of  job  occurrences  are  e  direct  function  of  force  build-up 
end  combat  arse  movement  in  each  scenario,  and  reprasant  the  cargo  type,  tonnage,  and 
movement  neoetaary  to  aetiefy  the  theater  airlift  demand  as  a  function  of  ties.  Fig  9 
shows  ths  dseend  function  for  Europe  derived  froe  the  European  job  set  shown  earlier. 
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and  also  include#  aiailarly  derived  daaand  function*  for  Southweat  Alia  and  Central 
As* rice  fro*  thtlr  raapaotlva  job  sets.  The  tunctlona  ara  broken  down  Into  categories 
to  illustrate  tha  typaa  of  cargo  to  ba  aovad.  Tha  catagoriaa  ara  passengers  (PAX), 
bulk,  aaao,  fual,  and  vahlola*.  Tha  breakdown  offers  inalght  into  tha  natura  of  airlift 
requirements  par  thaatar.  Aiao  praaantad  ia  tha  paroantaga  of  cargo  dallvarad  into  and 
naar  tha  coabat  araa.  Thaaa  daaand  function*  ara  fad  into  a  simulation  of  a  30  day  war 
in  aach  aoanario  and  aarva  aa  a  baaia  for  comparing  tha  produotivlty/affactivanaaa  of 
alternative  ayataaa  in  a  mixed  forca.  it  nuat  ba  raaaabarad  that  thaaa  daaand  function* 
ara  rapraaantati va  of  tha  tonnage*  required  in  a  portion  of  each  theater  and  do  not 
conatitut*  total  theater  airlift  tonnage. 


COHCEPT  DEVELOPMENT 

Aa  indicated  earlier,  atudy  contract*  with  industry  (Boeing,  Lockheed,  and  Douglas) 
were  initiated  to  obtain  a  data  baa*  deacribing  a  range  of  potential  ayetea  concept*  for 
a  future  thaatar  airliftar.  The  aalaetad  configurations  troa  those  studies  are 
presented  in  the  aatrlx  shown  in  Pig  10,  by  concept  type,  payload  box-six*,  and 
contractor.  Tha  contractors  ware  asked  to  look  at  not  only  STOL  and  V3TOL  concepts,  but 
also  low  observable  versions  of  each.  They  were  directed  to  begin  with  a  C-130H  box- 
si**  and  to  examine  tha  rang*  of  payload  variants  froa  23,000  lb*  (11.36  Metric  Tons  or 
MTs)  to  60,000  lbs  (27.27  NTs).  The  elaaants  in  tha  aatrlx  are  lift-propulsion 
coabinationa  of  tha  concepts  selected.  For  example,  USB  TP  represents  "Upper  Surface 
Blowing  -  Turbo  Fanr"  EBP  PP  represents  "Externally  Blown  Flaps  -  Prop  Pam"  TP  stands 
for  "Turbo-Prop» "  and  the  rest  are  self  explanatory.  Approxiaately  one-hundred 
configurations  war*  developed  by  the  contractors  and  screaned  down  to  the  22  shown.  A 
further  screening  by  the  Air  Force  resulted  in  a  detailed  in-house  analysis  of  16  final 
concepts. 

The  payload/range  performance  of  the  advanced  concepts  in  Fig  10  is  presented  in  Fig 
11  for  tha  purpose  of  coaiparison  relative  to  the  C-130H.  The  advanced  concepts  carry 
only  internal  fuel  while  the  C-130H  in  the  cosipariaon  requires  external  fuel  also.  The 
iaproved  perforaance  over  the  C-130H  ia  largely  a  function  of  technology  changes  since 
the  1950a  in  areas  such  as  materials,  propulsion,  lift  devices,  and  fuels.  The  V-22 
OSPREY  perforaance  envelop*  is  included  for  additional  coaparison. 

In  addition  to  davaloping  concepts,  thara  ia  a  need  to  aeasure  their 
benefita/panaltiea  throughout  tha  development  process.  To  this  end,  an  airlift 
transportation  model  was  devised  for  ATTMA  and  is  called  the  Oenerallced  Air  Mobility 
Modal  (OAMM) .  Pig  12  Illustrates  the  features,  inputs,  and  outputs  of  the  model.  Ab  a 
function  of  tha  30  day  war  scenario,  cargo  movement  requests  froa  the  demand  functions 
ara  processed  by  tha  transportation  modal  scheduler.  The  scheduler  considers  the 
available  aircraft,  cargo  priority,  and  destination,  and  assigns  aircraft  to  accomplish 
the  delivery.  Tha  flgures-of-aarit  illustrated  a*  outputs  represent  those  most  commonly 
used  herein,  with  many  other  output*  available  also.  The  use  of  the  model  is  analogous 
to  controlling  a  taxicab  system  in  one  of  our  major  cities  where  every  cab  ia  tracked  by 
tail  number  and  reports  into  a  central  command  post  on  a  regular  basis  to  pick  up  new 
assignments  and  to  report  any  problems.  The  survivability  parameter  for  each  aircraft 
configuration  being  analysed  la  determined  separately  and  input  into  the  model.  The 
model  is.  capable  of  handling  mixed  fleet  operations  and  was  instrumental  in  producing 
the  system  comparisons  to  be  presented  next. 

Por  the  fixed  fleet  analysis  results  presented  in  Pig  13,  the  baseline  for 
comparison  is  a  mixed  fleet  of  C-130Hs  and  C-17s.  The  fleet  consists  of  80  C-130Hs  and 
16  C-17s  in  both  Europe  and  SNA  scenarios,  whereas  there  are  16  C-130H*  and  2  C-17*  in 
the  Central  American  scenario.  The  alternative  concepts  ara  similarly  employed  in  a 
mixed  fleet  with  C-17a,  with  a  one-for-on*  substitution  of  ATTs  for  C-130Hs.  The 
figur*-of~merit  in  thia  illustration  is  percentage  improvement  in  tons  deliverad-on-time 
relative  to  the  normalised  baseline.  Three  payload/box  sis*  variations  are  examined  for 
each  configuration.  This  analysis  holds  fleet  else  constant  with  productivity  and  cost 
being  variable.  For  the  European  scenario  postulated,  the  STOL  configuration  is  most 
effective.  However,  box  six*  does  not  appear  to  be  a  factor.  The  use  of  the  C-17  in 
conjunction  with  the  alternative  concepts  appears  to  compensate  quite  nicely  for 
variations  in  ATT  payload/box  six*.  Examination  of  the  effectiveness  measure  for 
Southwest  Asia  and  Central  Aaarica  indicate*  quit*  a  different  story.  Southwest  Asia 
can  be  best  satisfied  by  a  large  8TOL  or  VST0L  because  of  large  distances  separating 
take-off  and  landing  sites,  relatively  few  airfields  which  are  far  apart,  high  hot 
conditions  at  many  of  tha  landing  sites,  and  long  transshipment  distances  over  poor 
roads.  Central  America  is  best  satisfied  by  a  medium  VSTOL  aircraft  because  of  short 
distances  separating  take-off  and  landing  sites,  an  abundance  of  many  very  small  air 
strips  cut  out  of  the  jungle,  and  very  poor  roads  for  transshipment.  These  findings 
indicate  that  Europe  may  not  be  the  scenario  driving  requirements  for  an  ATT,  and  that 
C-17  allocation  and  usage  are  critical  to  the  solution. 

Another  view  of  the  problem  ia  obtained  by  compering  the  baseline  with  mixed  fleets 
of  alternative  STOL  concepts  in  Europe  relative  to  equal  effectiveness.  Pig  14 
demonmtratss  the  equal  affactivanaas  paramatar,  total  ton*  delivered,  for  a  number  of 
fleet  sis**.  Pleat  si a*  ia  variad  aa  a  ratio  of  aircraft  "X"  and  C-17  aircraft. 
Aircraft  "X*  rapraaenta  tha  C-130H  or  on*  of  tha  thraa  box aiaa/ pay load  variant#  of  the 
8T0L  ATT  alternative  concept ■  At  a  fleet  eix*  of  80/16,  the  baseline  exhibit#  an  80* 
total  tone  delivered  figure-of-eerit.  Por  tha  see*  fleet  else,  the  alternative  concepts 
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achieve  1004  total  ten*  delivered.  Por  equal  fleet  effectiveness,  the  alternative 
concepts  achieve  the  80%  figure-of -merit  with  lees  than  1/2  tha  C-130H  fleet  alma.  Tha 
■■all  box  alia  ooncapta  achiava  80%  effectiveness  at  a  tlaat  aiaa  of  slightly  greater 
than  30/6.  tha  medium  at  approxlaataly  29/5,  and  tha  large  at  alightly  qreeter  than 
20/4-  Thia  analysis  indicataa  that  any  of  tha  BTOL  payload/box  aiaa  altarnativaa  oan 
achiava  acceptable  aft activanaaa  in  tha  European  aoanario  at  graatly  reduced  tlaat  aiaaa 
relative  to  tha  baseline.  the  iaaua  now  become  a  one  ot  coat,  C-17  utilisation  rata  and 
availability,  and  tha  buainaaa  atratagy  embraced  by  MAC. 


NEEDS 

Tha  need  for  a  future  theater  airliftar  la  baaed  on  aupport  requirements  of  US  Army 
doctrine,  increasing  obsolescence  of  our  present  tactical  transport  aircraft,  a  rapid 
advance  in  enemy  threat  capabilities,  and  tha  exiatence  ot  exploitable  technological 
opportunities  capable  of  providing  the  means  to  counter  current  deficiencies.  These  are 
expanded  upon  as  follows.  (1)  The  Army's  Air Land  battle  doctrine  and  its  emerging 
future  operational  concepts  emphasise  securing  or  retaining  the  initiative  and 
exercising  it  aggressively  to  defeat  tha  enemy.  ^.Tactical  airlift  is  pivotal  to  support 
of  the  Army's  rear,  cloae-in,  and  deep  operations,  as  wall  aa  Special  Operations  Force 
augmentation.  Transshipment  logistics  are  prohibitively  expensive  in  thia  environment 
and  must  be  minimised.  To  satisfy  these  future  tactical  airlift  requirements,  an 
airliftar  must  be  capable  of  delivering  essential  cargo  directly  to  the  user  without 
traditional  airfield/cargo  handling  constraints.  (2)  The  C-130  has  been  the  primary 
theater  airliftar  since  1955.  C-130  design  did  not  envision  today’s  emphasis  on  low- 
level  flying,  ahortfield  delivery  requirements,  greatly  increased  threat,  etc.  A  need 
exists  for  a  future  airliftar  that  is  affordable,  reliable,  supportable,  maintainable, 
dependable,  and  available  in  present  and  future  operating  environments,  especially  with 
a  non-linear  battlefield.  Consequently,  unless  that  capability  is  acquired,  present  and 
future  tactical  airlift  requirements  cannot  be  net.  (3)  The  present  and  future  threat 
environment  is  far  more  lethal  than  that  envisioned  by  designers  ot  the  current 
defenseless  tactical  airliftar.  Present  tactical  airlift  inadequacies  and  the  increased 
enemy  threat  dictate  a  requirement  for  incorporating  advanced  survivability  features 
that  minimise  threat  exposure  in  the  air  and  on  the  ground.  This  present  threat 
environment  coupled  with  enemy  air  defense  advancements  and  predictions  for  future 
proliferation  casts  doubt  on  our  ability  to  meet  theater  airlift  demands  without  an 
enhanced  capability.  (4)  Application  of  advanced  technological  features  (i.e.,  vertical 
lit t/advanced  propulsions,  low-observables,  composite  materials,  etc.)  will  provide  a 
quantum  leap  in  capability  to  satisfy  many  aspects  of  the  tactical  airlift  mission. 
Technological  advancements  focusing  on  rapid  cargo  onload/offload  and  aerial  delivery 
improvements  are  of  particular  importance.  Dramatic  advances  in  cargo  aircraft 
payload/f laid  length  performance,  flight  characteristics,  aeromedical  capabilities, 
survivability,  maintainability,  and  cargo  handling  are  achievable,  and  investigations  of 
their  applicability  must  be  accelerated. 

The  needs  stated  above  are  general  in  nature  and  must  be  quantified.  Through 
implementation  of  the  ATTNA  study  approach  presented  earlier,  a  summary  of  the  major 
"perceived  needs"  taking  shape  thus  far  for  an  advanced  airlift  system  is  presented  in 
Figs  IS  and  16.  One  of  the  key  needs  is  a  short  field  capability  that  can  provide 
retail  delivery  into  short  austere  landing  sites  that  have  little  or  no  material 
handling  support.  Aircraft  systems  with  short  field  capabilities  from  near-vertical 
operations  to  a  2000ft  BTOL  capability  are  being  examined.  A  corollary  need  for 
operations  into  austere  areas  is  a  landing  gear  with  a  soft  field  capability.  Equally 
important  for  austere  operations  is  the  needed  Independence  from  external  support  for 
loading /unloading  operatione.  A  range  of  load/unload  concepts  is  being  Investigated  to 
perform  the  load/unload  operations  in  minutes  rather  than  hours.  Similarly,  we  need  to 
be  able  to  convert  from  a  cargo  configuration  to  a  medical  evacuation  configuration  in 
minutes  instead  of  hours.  And  finally,  tha  most  Important  need  of  all  in  today's 
austere  defense  budget  is  affordability.  Me  must  present  the  user  with  alternatives 
that  are  highly  productive,  low  risk,  and  affordable.  An  aggressive  goal  to  pursue  is 
to  maintain  the  $/ton  delivered  for  the  new  airlifter  equivalent  or  less  then  that  of 
the  C-130. 

There  isn't  enough  space  in  this  paper  to  discuss  all  the  "perceived  needs." 
Suffice  to  say,  the  study  is  continuing  with  the  intent  to  quantify  as  many  needs  as 
possible,  to  determine  applicable  tradeoffs,  and  to  identify  critical  technologies. 


rUTURJS  ACTIVITIES 

Today's  deficiencies  in  theater  airlift  productivity  have  been  discussed  throughout 
this  paper  and  Fig  17  summarises  some  of  the  key  ones.  Our  alrlifters  today  are  as  good 
as  is  the  infrastructure  they  are  operating  in.  With  long,  hard-surface  runways,  with 
many  airfields,  and  with  a  good  road  structure  for  transshipment,  we  can  demonstrate  a 
reasonably  good  transportation  capability  with  theatar  airlift.  In  a  much  poorer 
infrastructure,  where  most  of  our  future  conflicts  may  occur,  or  with  a  non-linear 
battlefield,  today's  system  has  limitations.  Today's  capability  is  also  tied  to  the 
463L  Material  Handling  System,  an  aging  and  resource  limited  contingent  of  loaders  and 
unloaders  not  very  well-suited  for  operations  in  forward,  austere  environments.  Today's 
airlift  forca  is  airdrop-oapabler  however,  the  airdrop  function  by  its  very  nature  is 
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excellent  for  emergency  situation*  but  1*  a  vary  inafficiant  ona  for  auatalnad 
operations  and  oraataa  a  haavy  training  burdan.  Airland  oparationa,  if  possible,  ara 
far  more  pratarabla. 

Aa  shown  in  Fig  IB,  today's  dsflcianoiaa  say  ba  graatly  raduoad  by  building  an 
airlift  aystas  that  strlvoa  to  become  indapandant  of  tha  scanarlo  infrastructural  that 
is.  It  has  a  short  fisld  capability  and  a  soft-surfaoa  landing  gaar  for  gatting  into  tha 
short  austara  fialds  aa  closa  to  tha  cuatosar  as  possibla-  Ones  there,  its  quick  salt 
unload  capability  parslta  a  rapid  dapartura  to  ascapo  attrition  while  on  tha  ground. 
Bacausa  tha  aystas  provides  direct  support  to  tbs  customer,  there  is  a  great  need  for  a 
good  coaaand,  control)  coasuni cations,  and  intelligence  (C3I)  link. 

The  thrust  than  for  tha  future  ia  to  continue  technology  devalcpsent,  continue  tha 
development  of  system  concepts  and  joint  concept*  of  operation  with  the  Army,  improve 
our  methodology  for  comparing  alternative  systems  (improve  OAMM  to  ba  sensitive  to  cargo 
handling  constraints  and  C31),  and  encourage  opportunities  tor  international 
cooperation. 

Bacausa  of  tha  importanca  of  tha  cargo  handling  issue,  which  has  bean  mentioned 
several  times  in  this  paper,  it  ia  tha  subject  of  an  Air  Force  initiative  urging 
international  cooperation.  Tha  proposed  plen  for  the  study,  scheduled  to  start  yat 
sometime  this  calendar  year,  is  presented  in  Fig  19.  It  begins  with  a  determination  of 
the  cargo  that  must  ba  moved  under  what  conditions,  how  quickly  and  to  where.  Nest,  a 
broad  range  of  solution  concepts  is  explored  to  obtain  an  initial  acraenlng  of  feasible 
concepts.  Those  with  tha  most  potential  are  developed  further  end  assessed  again,  with 
the  Identification  of  critical  tsohnologies  needing  further  development.  independent 
studies  by  interested  countries  will  be  conducted  over  a  period  of  13-18  months  with  3-3 
joint  maatlngs  throughout  to  exchange  d.its  and  findings.  Details  of  the  study  are  yat 
in  the  early  planning  stages. 

The  key  elements  of  our  futurs  acquisition  activities  for  tha  ATT  in  the  near  tarn 
include  2nd  Iteration  studies.  Concept  Direction  studies,  and  Deaonatration/Validation. 
Ne  are  currently  in  the  early  portion  of  our  2nd  Iteration  studios  investigating  both 
STOL  and  VSTOL  concepts.  Concept  Direction  studies  will  focus  onto  a  single  concept 
while  Damonstration/Validation  could  pave  tha  way  for  an  advanced  airlifter  by 
approximately  2005  at  tha  earliest.  Concurrent  with  those  activities  ara  various 
ongoing  working  groups,  individual  study  utforts,  and  technology  initiatives  throughout 
government  and  industry,  all  under  the  advanced  airlift  umbrella. 


CLOSING  REMARKS 

As  evidenced  by  the  results  reported  in  this  paper,  there  is  much  US  interest  in  an 
advanced  theater  airlifter.  To  date,  we've  defined  the  problem,  established  the  ksy 
needs,  identified  the  key  tradeoffs,  aind  have  begun  to  analyse  them.  The  STOL  aircraft 
represents  the  low  risk  approach.  The  propeller  VSTOL  in  a  variety  of  forms  looks 
promising  in  many  respects,  but  such  work  yet  remains.  Nith  the  austere  defense  budgets 
predicted  for  the  future,  there  is  a  great  need  tor  encouraging  international 
cooperation.  The  cargo  handling  initiative  may  be  the  beginning  of  what  could  lead  to 
an  international  aircraft  development  effort  that  could  have  broad  implications  for  both 
military  and  commercial  transports  of  the  future. 
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DESIGN  OF  THE  ADVANCED  CARGO  AIRCRAFT 
THE  U.S.  ARMY’S  NEXT  GENERATION  TRANSPORT  ROTORCRAFT 
AN  OVERVIEW 


AD-P006  242 


Chris  Jsran,  Senior  Design  Analytical  Engineer 
Advanced  Design  and  Business  Development.  Sikorsky  Aircraft 
Mail  Stop  5322  A4, 6900  Main  Street 
Stratford,  Connecticut  06601 
United  States 


Summary 

^  A  family  of  rotorcraft  were  defined  to  meet  the  projected  requirements  of  the  U.S.  Army  for  combat  airlift  in  the 
year  2000  and  beyond.  A  detailed  definition  of  equipment  and  mission  load  inventories  was  developed,  and  a 
knowledge-based  simulation  assessed  the  capability  of  various-size  aircraft  to  transport  these  inventories  in  three 
combat  theaters:  Europe,  Southwest  Asia,  and  Latin  America.  Payload  capabilities  of  18,  26,  30,  and  39  thousand 
lb  (8,165, 11,793, 13,608, 17,690  kg)  with  270  nm  (500  km)  radius  of  action  at  Army  hot  day  ambients  were  identified 
as  potentially  cost  effective  design  points.  A  9  X  9  ft  (2.74  X  2.74  m)  cabin  cross  section  was  required,  with  a  cabin 
length  of  32  to  41  ft  (9.76  to  12.6  m)  depending  on  design  payload.  Single  and  tandem  rotor  helicopter  solutions 
were  defined  for  each  of  the  four  design  payloads.  A  tilt  rotor  solution  was  also  examined.  A  single  rotor 
configuration  with  a  design  gross  weight  of 94,000  lb  (42,637  kg),  a  rotor  diameter  of  122  ft  (37.2  m),  and  three 
engines  served  as  a  baseline  for  evaluation  of  the  impact  of  various  design  criteria  and  system  technology  levels. 

f-lr  it  s  /  ^  ,  -V  CuaJL'U^  t.>. 

Analysis 

The  U  S.  Army  has  identified  a  need  to  replace  their  existing  medium  lift  cargo  helicopters  (CH-47s)  with  an 
Advanced  Cargo  Aircraft  (ACA)  that  will  enhance  present  combat  airlift  capabilities  with  increased  payload 
capacity  increased  range  and  survivability,  and  greater  mission  versatility,  flexibility,  and  responsiveness.  This 
new  aircraft,  presently  scheduled  for  initial  operational  capability  (IOC)  in  2015,  will  Bupport  the  goals  of  the 
Army  of  Excellence  ar.d  will  constitute  an  essential  element  of  the  Airland  Battle  Doctrine  for  the  coming 
century  It  will  be  required  to  transport  a  wide  variety  of  loads  under  the  stressful  conditions  of  combat 
worldwide.  The  cornerstone  of  the  ACA  design  must  be  its  flexibility,  versatility,  and  ease  of  handling  a  diversity 
of  combat  multipliers.  It  must  be  designed  to  provide  the  Army's  tactical  link  to  the  Air  Force  s  strategic  lift 
capabilities,  and  to  facilitate  the  timely  transfer  of  necessary  stores  and  supplies  from  the  supply  points  down  to 
the  combat  user  levels.  An  effective  ACA  will  be  one  that  provides  the  local  Commander  freedom  to  determine 
what  critical  supplies  are  moved  and  where,  based  upon  his  on-th^spot  assessment  of  user  needs  and  the 
criticality  of  his  missions.  The  ACA  must  be  an  effective  combat  multiplier  itself,  enabling  the  Commander  to 
rapidly  Bhift  his  assets  in  a  way  that  brings  about  a  positive  and  decisive  outcome  to  the  battle. 

The  Aviation  Applied  Technology  Directorate  (AATD)  of  the  U.  S.  Army  at  Ft.  Eustis,  Virginia,  contracted  with 
Sikorsky  Aircraft  to  conduct  a  study  of  ACA  design  requirements.  The  approach  taken  to  define  the  best  ACA 
design  comprised  three  separate  tasks:  definition  of  airlift  requirements,  evaluation  of  a  family  of  aircraft 
designs  in  simulated  combat  operations,  and  identification  of  needed  technology  exploitation. 

In  the  first  task,  an  assessment  was  made  of  the  combat  and  combat  service  support  airlift  movement  needs. 

This  task  included  projection  of  the  current  vehicle  and  equipment  inventory  into  the  future  operational  time 
frame  definition  of  scenarios  for  several  potential  conflict  intensity  levels,  and  prediction  of  the  relative  frequency 
of  movement  needs.  A  hating  of  load  items  anticipated  for  rotorcraft  transport  in  a  year  2015  time  frame  was 
from  the  inputs  of  19  different  U.  S.  Army  organizations.  Each  load  item  was  characterized  by  its 
weight,  dimensions,  whether  it  can  be  carried  externally,  whether  it  is  stackable  internally,  and  what  its  typical 
aircraft  load  and  unload  times  are.  Load  items  ranged  from  a  240-lb  (109- kg)  trooper  to  a  110,800-lb  (50, 268- kg)  M- 
88  recovery  vehicle. 

Drawing  from  the  compiled  equipment  list,  eight  general  categories  of  missions  were  developed  to  represent 
future  U.S.  Army  combat  airlift  requirements.  Figure  1  provides  examples  of  the  selected  missions,  which 
ranged  from  cemh^t  resupply  to  the  movement  of  outsized  equipment.  These  missions  were  incorporated  into 
three  representative  theaters  of  operation:  Europe,  Southwest  Asia,  and  Latin  America,  to  create  a  total  of  24 
unique  These  theaters  were  selected  based  on  the  likelihood  of  future  U.S.  Army  involvement,  and 

provide  a  wide  range  of  ambient  conditions  (Europe  2000  ft,  70°F  (610  m,  21“C),  Latin  America  3000  ft,  85°F  (914  m, 
29°C),  Southwest  Asia  4000  ft,  96°F  (1219  m,  36°C)).  Detailed  mission  descriptions  were  then  developed  listing  the 
load  items,  million  profiles,  expected  level  of  threat,  and  realistic  operational  constraints.  The  load  item  list  for 
each  mission  included  weight  and  dimensions  as  well  as  item  quantity  and  a  numerical  ranking  of  item  priority. 
Load  item  priority  was  ranked  from  1  (lowest)  tc  9  (highest)  based  on  the  item's  ability  to  impact  the  outcome  of  the 
battle  or  event.  Mission  flight  profiles  described  mission  leg  lengths  and  headings  and  included  features  such  as 
assembly  areas,  pickup  points,  air  control  points,  drop-off  points,  and  refuel  support  areas.  Mission  geometries 
were  derived  from  actual  geographical  maps  and  included  the  impact  of  topographic  features,  existing  airfields, 
harbors,  and  transportation  infrastructure.  0  «j  —Q^024 
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The  aecond  task  drew  upon  the  results  of  Task  I  to  create  an  expert  system  simulation  model  which  helped 
determine  cabin  dimensions  and  payload  capability  which  maximised  vehicle  productivity.  The  assessment  of 
the  performance  of  a  large  collection  of  aircraft  sixes  in  the  34  missions  required  a  new  analysis  tool  to  manage 
the  large  number  of  variables  and  combinations  involved.  A  knowledge-based  simulation  was  developed  by 
software  engineers  at  the  United  Technologies  Research  Center  to  modal  the  rotorcraft  cargo  transportation  task. 
Key  elements  of  the  transport  task  include  the  packing  of  the  aircraft  (how  to  moet  efficiently  load  individual 
items  in  a  specified  cabin  sue),  flight  routing,  and  ftiel  management  Rules  were  developed  by  logistics  experts 
for  each  of  these  elements  and  were  combined  with  the  details  of  the  24  missions  to  create  a  realistic  operational 
simulation.  Features  included  the  trading  of  ftiel  for  additional  payload  if  mission  legs  permitted,  and  an 
accounting  of  time  and  ftiel  spent  in  loiter  awaiting  availability  of  finite  area  lending  zones.  Detailed  results  are 
provided  on  an  individual  and  aggregated  mission  basis,  and  include  over  30  mission  performance  parameters 
describing  the  utilization,  effectiveness,  and  efficiency  of  each  vehide  size. 

Three  measures  of  effectiveness  (MOE's)  were  selected  to  identify  optimum  sized  aircraft.  Ton-miles  is  a 
traditional  MOE  often  used  in  cargo  transport  analysis.  Simply  the  product  of  tons  of  cargo  and  number  of  miles 
traveled,  this  measure  reveals  nothing  about  the  efficiency  of  the  aircraft  size  in  relation  to  the  cargo  items 
carried.  The  larger  the  aircraft  the  better.  Specific  productivity  is  another  widely  used  MOE  that  normalizes  ton- 
miles  by  dividing  it  by  mission  time  and  aircraft  weight  empty.  Mission  time  reflects  delivery  speed,  and  weight 
empty  is  analogous  to  vehicle  cost.  Specific  productivity  therefore  represents  relative  efficiency  in  delivering 
cargo. 

While  measuring  efficiency,  however,  specific  productivity  provides  no  indication  of  the  vehide's  effectiveness  in 
carrying  every  load  within  a  given  mission.  For  example,  analysis  of  the  simulation  output  indicated  that  a 
relatively  small  ACA,  although  very  effident,  carried  only  75%  of  the  cargo  items  listed  for  a  mission  due  to  its 
limited  lift  capability.  A  less  effident  but  larger  ACA  bad  a  lower  specific  productivity,  but  delivered  over  95%  of 
the  mission  cargo.  A  new  MOE  termed  priority  effectiveness  was  developed  and  used  along  with  spedfic 
productivity  to  identify  both  effident  ana  effective  aircraft  sizes.  Priority  effectiveness  is  the  fraction  of  cargo 
items  delivered  weighted  by  their  relative  priority.  It  is  the  ratio  of  actually  delivered  priority  value  to  that 
mission's  available  priority  value.  Thus,  priority  effectiveness  penalizes  a  design  that  leaves  uncarried  loads 
behind  and  rewards  a  design  that  delivers  a  large  percentage  of  high  priority  loadB. 

As  a  final  measure,  priority  effectiveness  is  combined  with  spedfic  productivity  to  provide  an  overall  MOE, 
priority  productivity,  that  captures  the  impact  of  both  an  efficiently  sized  aircraft  and  a  mission  effective 
aircraft.  Figure  2  compares  the  results  obtained  using  specific  productivity  with  the  corresponding  priority 
productivity  results.  In  this  example  an  ACA  with  a  36,000-lb  (16,329-kg)  payload  has  a  greater  MOE  value 
than  one  with  an  18,000-lb  (8,165-kg)  payload  because  of  its  increased  effectiveness  in  the  mission.  A  new 
point  of  interest  is  also  exposed  at  30,000-lb  (13,608-kg),  as  this  size  aircraft  benefits  from  a  jump  in 
effectiveness  but  not  in  effidency.  In  general,  the  effectiveness  fraction  tends  to  bias  the  selection  towards 
the  larger,  more  effective  sizes.  This  bias  decreases  as  payload  capacity  increases  until  either  a  priority 
effectiveness  fraction  of  1.0  or  the  maximum  value  of  effectiveness  possible  for  a  particular  cabin  size  is 
obtained.  Table  1  provides  a  summary  of  the  selected  measures  of  effectiveness. 


TABLE  1.  SUMMARY  OF  MEASURES  OF  EFFECTIVENESS 

MOE  Definition 

Specific  Productivity  cargo  weight  X  miles  carried 

mission  time  X  empty  weight 

Priority  Effectiveness  Priority  value  delivered 

priority  value  possible 

(where  priority  value  =  priority  value  X  load  item  quantity) 

Priority  Productivity  spedfic  productivity 

X  priority  effectiveness 


One  hundred  and  sixty  combinations  of  payload  capadty  and  cabin  dimensions  were  evaluated  in  an  initial 
P1-0088®  the  knowledge-based  simulation.  Four  locally  optimum  payload  capadties  were 
identified,  and  an  optimum  cabin  cross  section  was  selected.  Simulation  data  were  aggregated  usicj;  the 
anticipated  frequency  of  operation  for  each  mission  within  a  theater  to  create  weighted  average  theater-level 
results.  All-theater  results  were  then  derived  using  a  weighted  average  of  the  three  theater-level  results. 


Cabin  lengths  from  24  to  52  ft  (7.3  to  16.8  m)  and  payload  capadties  from  14,000  to  40,000  lb  (6,350  to  18,144  kg)  were 
addressed  in  the  initial  run  matrix.  The  4000  ft,  96°F  (1219  m,  35°C),  270  am  (500  km)  radius  of  action  payload 
capacities  are  used  only  as  a  common  reference;  the  payload  capadties  are  greater  at  less  demanding  ambient 

A  coupling  between  payload  capadty  and  cabin  length  was  dearly  seen  at 
about  a  26,000-Ib  (11, 793- kg)  payload  capacity.  Beyond  this,  increasing  payload  capadty  required  an  increased 
mtnin“m  «■«?  lsngth  to  benefit  from  increased  lift  capability.  Table  2  provides  a  listing  of  these  peyload 
capacity  selections  and  their  corresponding  cabin  lengths. 
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TABLE  2.  FIRST  ITERATION  SIZE  SELECTIONS 


Payload  capacity 


(4000  ft,  95°F) 

Cabin  Length 

0b) 

(kg) 

(ft) 

(m) 

18,000 

8,166 

32 

9.75 

24,000 

10,886 

36 

10.97 

30,000 

13,608 

36 

1057 

38,000 

17,236 

40 

12.19 

For  each  of  the  initially  selected  aircraft  sizes  in  Table  2,  cabin  width  and  height  were  varied  to  identify  any 
coupling  relationships  and  to  make  preliminary  selections.  Using  priority  productivity,  each  size  exhibited 
optimum  capability  at  a  cabin  height  of  102  in.  (269  cm).  The  loads  driving  the  cabin  height  selection  were 
identified  by  the  simulation  to  be  a  coDection  of  wheeled  vehides  including  the  HEMTT. 

Similar  data  were  compiled  for  cabin  width.  As  was  the  case  for  height,  each  aircraft  size  was  found  to  have  the 
Bame  optimum  cabin  width,  96  in.  (244  cm).  The  cargo  items  driving  the  width  selection  were  identified  to  be 
particular  containers  and  pallets  including  the  palletized  loading  syBtem  (PLS)  fl  a  track  and  20-ft  (6,1-m) 
containers. 

A  cabin  cross  section  was  developed  incorporating  the  selected  dimensions.  A  military  standard  6-in.  (15-cm) 
clearance  was  provided  above  the  .oad  and  between  the  side  of  the  load  and  the  cabin  walls,  making  the  resulting 
internal  dimension  9.0  ft  by  9.0  ft  (2.74  m  by  2.74  m).  This  cross  section  was  used  in  all  subsequent  simulations 
and  design  studies. 

A  second  series  of  simulations  was  conducted  to  complete  the  design  optimization,  with  more  rigorous  analysis  of 
locally  optimum  payload  capacities  and  the  corresponding  optimum  cabin  lengths.  Data  were  again  collected  on 
a  mission  level  and  aggregated  to  theater-level  results. 

The  European  missions  generally  feature  medium-length  mission  legs  and  a  large  spectrum  of  cargo  item  sizes, 
with  many  items  under  6,000  lb  (2,268  kg)  and  many  over  30,000  lb  (13,608  kg).  Trades  of  fuel  for  additional 
payload  can  be  in  excess  of  10,000  lb  (4,636  kg).  Vehicle  specific  productivity  is  typically  driven  by  combinatior  s  of 
cargo  loads  of  several  items  and  not  bv  individual  items.  Aircraft  payload  capacity  at  the  European  ambients  of 
2000  ft,  70°F  (610  m,  21°C)  and  the  medium  ranges  is  of  the  order  of  160%  of  the  reference  4000  ft,  95°F  (1219  m, 
35°C),  270  nm  (500  km)  radius  of  action  payload  capacity.  Given  the  large  payload  capacity,  typical  aircraft  sizes 
are  volume-limited  well  before  becoming  lift-limited.  Major  peaks  of  performance  were  identified  at  25,000-, 
39,000-,  and  50,000-lb  (11,340-,  17,690-,  and  22,680-kg)  (4000  ft,  95°F)  payload  capacities  with  a  minor  local  peak  at 
18,000  lb  (8,166  kg). 

The  Southwest  Asia  missions  feature  very  long  mission  legs  with  up  to  270  nm  (500  km)  radii  of  action.  These 
missions  were  also  flown  at  the  most  stringent  ambients,  4000  ft,  95”F  (1219  m,  35°C).  Rotorcraft  airlift  is  seen  as 
playing  a  major  role  in  this  theater  due  to  the  lack  of  a  reliable  transportation  infrastructure,  the  result  being 
large  numbers  of  items  of  various  types  in  the  mission  lists.  Missions  often  require  nine  or  more  sorties  of  an 
eight-aircraft  company  to  deliver  all  cargo.  Aircraft  sizes  that  can  carry  a  greater  number  of  items  per  load 
reduce  the  number  of  sorties  required.  The  combination  of  long  mission  legs  and  high  density  altitude  yield  low 
payload  capacities,  and  aircraft  are  frequently  lift-limited  before  becoming  volume-limited.  The  mission  ranges 
required  sIbo  discourage  the  use  of  external  lift.  Specific  productivity  peaks  and  levels  off  at  44,000  lb  (19,958  kg) 
design  payload,  after  which  increasing  aircraft  weight  empty  reduces  the  specific  productivity. 

Latin  America  missions  are  typically  short  to  medium  in  length  and  are  flown  at  an  intermediate  ambient 
condition.  The  large  variety  of  load  items  seen  in  the  other  theaters  is  reduced,  such  that  individual  cargo  items 
can  have  a  substantial  impact.  External  lifts  are  frequently  used  and  internal  fiiel  is  often  reduced  as  much  as 
60%  of  fuel  capacity,  or  7,000  to  8,000  lb  (3,175  to  3,629  kg).  Local  peaks  in  specific  productivity  occurred  at  17,000-, 
90,000-,  37,000-,  and  46,000-Ib  (7,711-,  13,608-,  16,783-,  and  20,866-kg)  design  payload.  Each  optimized  payload 
requirement  is  the  result  of  a  specific  additional  capability  that  occurs  at  that  point.  At  17,000  lb  (7,711  kg)  a 
MILVAN  becomes  a  viable  load,  at  30,000  lb  (13,608  kg)  the  20-ft  (6.1-m)  containers  are  transportable,  at  37,000  lb 
(16,783  kg)  efficiency  jumps  as  certain  double  payloads  become  possible,  and  at  46,000  lb  (20,865  kg)  the  long  48-ft 
(14.6-m)  cabin  increases  internal  lift  capacity. 

Each  theater  was  assigned  a  weighting  factor  incorporating  probability  of  utilization  and  intensity  of  conflict. 
Initial  weighting  set  usage  at  50%  Europe,  26%  Southwest  Asia,  and  25%  Latin  America.  Using  these  theater 
weighting  factors,  individual  theater  results  were  combined  into  the  all-theaters  result  shown  in  Figure  3.  With 
these  results  the  final  payload  capacity  selections  were  made.  Peaks  identify  locally  optimum  payload  capacities 
at  18,000, 28,00th  30,000,  and  39,000  lb  (8,165, 11,793, 13,608,  and  17,690  kg)  at  the  4000  ft,  96°F  (1219  m,  35°C) 
ambient  oendition.  Payload  capacities  beyond  42,000  lb  (19,051  kg)  were  not  considered  due  to  the  unrealistic 
aircraft  sizes  that  result.  Optimum  cabin  lengths  were  selected  by  varying  cabin  length  for  each  selected  payload 
capacity.  A  32- ft  (9.76-m)  eaten  length  was  selected  for  the  18,000-lb  (8,165-kg)  payload  capacity  aircraft.  Both  the 
26,000-lb  (11,793-kg)  ana  30,000-lb  (13,608-kg)  solutions  require  a  35-ft  ( 10.67 -m)  cabin,  and  a  41-ft  (12.5-m)  cabin 
was  matched  to  the  39,000-lb  (17,690-kg)  size. 
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Once  optimum  cobin  lire  and  payload  lift  capability  won  determined  by  the  simulation,  several  "families  of 
designs"  wars  created  to  address  conceptual  design  considerations.  Table  3  summarizes  the  selected  payload 
capacities  and  cabin  dimensions  for  the  ftmily  of  fiCA  designs.  Also  listed  is  priority  effectiveness  for  each  of  the 
selected  rises.  This  value  represents  the  weighted  average  across  all  missions  and  all  theaters.  The  payload 
capacity  dictates  the  installed  power  and  dynamics  system  sizing  and  the  cabin  dimensions  define  the  ftiwlage 
geometry.  These  data  were  used  to  establish  more  detailed  design  solutions  at  each  aircraft  size  for  the  purpose  of 
down-selecting  to  a  recommended  ACA  rise. 

Detailed  designs  were  created  for  single,  tandem,  and  tilt  rotor  solutions.  Several  design  criteria  were  prescribed 
to  ensure  a  level  of  commonality  between  the  four  selected  design  points.  A  design  mission  with  a  270  nra  (500 
km)  radius  of  action  at  4000  ft,  96°F  (1219  m,  35°C)  was  used.  Figure  4  shows  the  design  mission  profile.  Aircraft 
equipment  requirements  were  provided  by  the  Army  or  were  established  in  communications  with  military 
personnel  familiar  with  cargo  aircraft  operations.  Kay  ACA  operational  and  systems  requirements  include 
health  monitoring  and  two-lev *1  maintenance  capability,  all-weather-day/uight  operations,  extensive 
survivability  and  self-defense  suitee,  and  advanced  load  handling  equipment. 


TABLE  3.  ACA  SELECTED  SIZES  -  SECOND  ITERATION 


Payload  at 

Cabin 

Cabin 

Cabin 

Priority  Based 

4000ft,96°F 

Length 

Width 

Height 

Mission 

(lb/kg) 

(ft/m) 

(ft/m) 

(ft/m) 

Effectiveness 

18,000(8,165) 

32(9.75) 

9(2.74) 

9(2.74) 

76% 

26,000(11,793) 

35(10.67) 

9(2.74) 

9(2.74) 

84% 

30,000(13,606) 

3600.67) 

9(2.74) 

9(2.74) 

89% 

39,00007,236) 

41(12B0) 

9(2.74) 

9(2.74) 

93% 

A  maximum  main  rotor  disk  loading  of  10  psf  (478.8  nt/gq  m)  was  mandated  to  permit  unrestricted  operations  by 
ground  personnel  in  the  rotor  downwash.  A  l,75g  normal  load  factor  capability  at  150  kta  (278  kph)  was  provided. 
The  fuselage  and  landing  gear  were  designed  to  stringent  UH-60  levels  of  crashworthiness. 

Aerodynamic  and  weights  technology  levels  were  representative  of  1990  state-of-the-art  design.  Extensive  use  was 
made  of  composite  structure  in  both  the  fuselage  and  dynamic  system.  Drive  system  technology  levels  were 
derived  from  design  efforts  in  a  NASA-sponsored  Advanced  Rotorcraft  Technology  (ART)  transmission  program. 
A  survey  of  current  and  future  engine  technology  programs  resulted  in  the  selection  of  6000  shp  (4474  kw)  class 
turboshaft  engines. 

Figure  5  shows  the  profile  view  of  the  ACA  Bingle  rotor  family  of  designs.  The  Lockheed  C-130  transport  and  the 
CH-63E  are  shown  for  scale.  Single  rotor  design  solutions  have  gross  weights  ranging  from  76,500  lb  (34,246  kg) 
for  the  18,000-lb  (8,165-kg)  payload  aixe,  to  126,600  lb  (67,424  kg)  for  the  39,000-lb  (17,690-kg)  payload  size.  The  two 
amal’ar  designs  use  three  6000  shp  (4474  kw)  class  engines  while  the  larger  designs  use  four.  The  18,000-  and 
30,000-lb  (8,156-  and  13,608-kg)  payload  aircraft  have  disk  loadings  of  10  psf  (478.8  nt/sq  m),  whereas  the  other 
designs  required  a  reduction  in  disk  loading  to  match  hover  power  required  with  power  installed.  All  designs 
employ  a  canted  tail  rotor  which  provides  from  2,000  to  3,000  lb  (907  to  1,361  kg)  of  vertical  lift. 

Tandem  rotor  design  solutions  were  developed  using  identical  design  criteria  as  for  the  single  rotor  designs  to  the 
extent  possible.  Configuration  commonality  was  maintained  between  families  of  designs  by  using  the  same 
cockpit,  cabin  section  (where  possible),  and  systems.  All  tandem  rotor  designs  utilized  four-bladed  rotors,  a  30% 
rotor  oveiiap-to-dismeter  ratio,  and  a  0.15  gap-to-atagger  ratio.  Figure  6  depicts  the  resultant  family  of  tandem 
rotor  helicopter  darigne  The  result  of  greatest  interest  when  comparing  single  and  tandem  rotor  designs  was 
the  similarity  in  grow  weights  at  each  design  point  The  tandem  rotor  designs  typically  have  slightly  lower 
weight  empty  which  is  balanced  by  increased  fuel  requirements.  Simulation-selected  sizes  based  on  single  rotor 
trending  should  therefore  be  generally  applicable  to  tandem  rotor  designs  as  well.  As  in  the  single  rotor  designs, 
the  two  larger  tandems  use  four  engines  and  the  26,000-  and  39,000-lb  (11,793-  and  17,690-kg)  payload  sizes  require 
reduced  disk  loadings  to  match  powers. 

A  tilt  rotor  design  provided  gains  in  mission  productivity  where  internal  loading  and  long  mission  legs  permitted 
it  to  take  advantage  of  higher  speed  capability,  but  its  significantly  higher  weight,  installed  power,  and  disk 
loading  make  it  an  unattractive  ACA  solution. 

Takeoff  gross  weight  capability  for  the  mission  simulation  was  based  on  hover  out  of  ground  effect  at  96% 
intermediate  ratodpower  (IRP)  with  a  200  tpm  (1.0  mps)  vertical  rate  of  climb  at  the  appropriate  ambient 
condition!.  The  mission  performance  benefits  of  using  takeoff  techniques  other  than  a  standard  hover  were 
assessed  by  calculating  payload  capabilities  for  a  variety  of  takeoff  procedures.  Techniques  included  rolling 
takeoffs,  a  hover  takeoff  using  a  higher  short-term  engine  rating,  and  twin  lift  using  two  aircraft  to  lift  a  Bingle 
very  heavy  external  load.  Individual  takeoff  techniques  were  matched  to  particular  missions  bawd  on  their 
suitability.  For  example,  rolling  tak softs  were  used  only  with  internal  loads  and  where  a  runway  was  available, 
and  twin  lift  was  not  used  in  high  threat  environments. 
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Figure  7  show*  the  impact  of  the  use  of  alternate  lift  techniques  on  the  overall  priority  effectiveness  of  the  four 
sixes  of  aircraft.  Using  alternate  lift  the  39,000-lb  (17,690- kg)  payload  size  becomes  100%  effective,  being  able  to  lift 
every  item  in  every  mission  load  list,  including  the  the  110,800-lb  (50,258-kg)  M-88  recovery  vehicle,  which  is  twin- 
lifted  in  Europe.  The  90,000-lb  (13,608-kg)  payload  aircraft  becomes  over  99%  effective,  leaving  only  four  loads 
behind.  The  greatestgains  in  effectiveness  are  realised  at  the  26,000-lb  (11,793-kg)  size,  where  effectiveness  jumps 
from  84%  to  98.5%.  The  smallest  sise  shows  substantial  gains  as  well.  The  use  of  an  aircraft  size  which  is  well 
matched  for  all  but  a  few  loads  but  can  then  transport  those  loads  using  special  mission  tactics,  is  seen  as  a 
substantial  cost  saving  opportunity. 

Selection  of  a  recommended  solution  from  the  bmily  of  ACA  designs  involved  evaluation  of  technical  risk, 
procurement  and  life-cyda  costs,  and  mission  effectiveness.  Given  the  high  mission  effectiveness  achievable  with 
the  26,000-lb  (11,793-kg)  payload  aircraft  using  suitable  alternate  lift  techniques,  it  was  concluded  that  this 
aircraft  provided  the  most  attractive  solution. 

The  study  resulted  in  the  following  conclusions: 

1.  Eighty-five  percent  of  the  individual  loads  requiring  airlift  in  support  of  U.S.  Army  intra-theater  combat 
weigh  less  than  60,000  lb  (22,680  kg).  When  frequency  of  need  is  considered,  90%  of  required  mission  loads 
weigh  less  than  30,000  lb  (13,608  kgX  The  loaded  PLS  fla track,  in  the  30,000-lb  weight  dass,  is  a  key  driver 
of  aircraft  payload  and  cabin  volume  requirements. 

2.  A  cost-effective  aircraft  rise  corresponds  to  the  capability  to  take  off  vertically  with  26,000  lb  (11,793  kg)  of 
payload,  plus  feel  fcr  270  nm  (500  km)  radius  of  action,  at  4000  ft,  96s  F  (1219  m,  36°C).  At  sea  level  standard 
day  and  short  ranges,  lift  capability  is  bo  excess  of  60,000  lb  (22,680  kg). 

3.  When  rolling  takeoff,  use  of  a  higher  engine  rating  for  takeoff,  or  twin  lift  (two  aircraft  acting  together  to  lift 
a  single  load)  is  operationally  viable,  the  already  small  number  of  non-liftable  mission  loads  is  reduced 
significantly. 

4.  The  aircraft  cabin  should  have  an  internal  cross  section  of  at  lsast 

9  x  9  ft  (2.74  x  2.74  m),  and  an  unobstructed  length  of  at  least  36  ft  (10.67  m). 

5.  A  helicopter  meeting  the  above  requirement#  with  1990  advanced  level  technology  would  have  a  design 
gross  weight  on  the  order  of  94,000  lb  (42,637  kg),  and  require  three  engines  in  the  6,000  hp  (4,474  kw)  class. 

6.  Single  rotor  and  tandem  rotor  helicopter  solutions  provide  about  the  same  mission  productivity  for  about 
the  same  weight  and  cost  Other  attributes  would  nave  to  be  considered  to  discriminate  between  them. 

7.  The  modest  improvement  in  overall  productivity  that  is  potentially  achievable  with  a  tilt  rotor  would  not 
appear  to  justify  the  higher  weight  greater  installed  power,  and  harsher  down  wash  environment. 

8.  A  three-engine  helicopter  solution  provides  the  most  efficient  match  of  total  and  engine-out  power 
requirements.  A  larger  engine  should  be  considered  for  aircraft  sizes  requiring  more  than  three  6000  shp 
(4474  kw)  dass  engines. 

9.  Technology  beyond  what  is  currently  in  production  is  needed  to  produce  an  ACA  with  reasonable  weight 
and  cost  Without  this  technology,  aircraft  weight  would  increase  on  the  order  of  17%,  or  16,000  lb  (7,257 
kg).  The  key  areas  where  technology  advance*  need  to  be  concentrated  are  composites,  transmissions, 
rotors,  and  engines. 

10.  Judicious  application  of  technology  that  is  advanced  beyond  the  levels  assumed,  and  selective  tailoring  of 
design  criteria,  should  make  it  possible  to  reduce  the  weight  of  the  aircraft  by  approximately  8,000  lb  (3,629 
kg).  The  key  technology  is  advanced  composite*  for  the  airframe  and  rotors.  The  key  design  criteria  is  the 
engine  power  rating  assumed  to  be  svailable  for  takeoff 
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This  paper  trie*  to  briefly  euwmarlaa  the  Min  oonetraina  which  euet  be  oovarad  during 
the  prefeaaibility  phase  in  the  airltfter  design,  based  on  the  actual  background  of  the 
advanced  Pastes  Department  of  CMh 


Looking  at  the  recent  aviation  history  we  oan  see  that  in  tha  period  before  the  II  W  M 
there  waa  not  any  aircraft  that  oould  be  considered  to  ba  deal  goad  under  military  trane- 
port  criteria,  certainly  oauaad  by  tha  absence  of  the  need  of  an  airliftar  system  in  the 
Airforces  at  that  tine,  and  tha  dear  domain  of  tha  civil  airlinea  requires  ante. 


The  n  N  M  brought  the  necessity  of  real  ailitary  transport  aircraft  that  could  bo  able 
not  only  to  carry  troops  and  paratroops  but  also  loads  and  vahidaa  cloee  to  tha  first 
lias  of  combat.  This  necessity  developed  in  three  directions  . 


1 >  Specific  transport  gliders  like  the  Airspeed  Boras,  General  Aircraft  Haeiloar,  Gotha 
313,  WACO  00-13,  etc. 

A 

"  Zr  Conversion  of  civil  airlinae  or  even  bombers  into  tranaportai  Douglas  DC-3  C-47/33), 
Curtis  0-47,  Lockheed  C-69,  OH-75,  JO-52,  Avro  York,  ate.  Av  J. 


3.-  Specific 


for  military  transport  aircrafts  AHA  DO  232,  Ho  323,  0-119  Packet, 


Pros  this  period  soma  ideas  name  that  are  still  in  use  today  like  tha  forward  or  rearward 
rasp  door  to  easy  the  load  and  unload  of  tha  airerjf  t  Ms  323,  General  Aircraft  Basilcar) 
or  the  multiple  wheeled  lending  gear  iAradc  23A  (5jf)  .  /•  „  u;4 ^ 

C{A.-^  «■  *  ?  (  yC  i  f  W  f  i  :  i  ^ 

It  waa  rosily  in  tha  Nh  and  led  by  tha  experience  of  the  Korean  coflict,  whan  the 
airlift  groups  of  tha  Airforoaa  become  aa  important  aa  they  are  today, that  the  design  for 
specific  military  transport  aircraft  started  everywhere,  in  an  endeavor  to  moot  typical 
requirements  for  this  typo  of  aircrafts  Short  field  length  capability,  easy  onload  and 
offload,  load  dropping  capability,  unpaved  and  unprepared  runways,  capability,  good  load 
capacity  (in  weight  and  volume! low  maintenance,  etc  to-130  Hercules,  C-160  Traneall, 


nowadays,  a  "new*  factor  has  aria  an  with  enormous  importance,  the  posts.  Itself  it  is  not 
really  new.  The  aircraft  ilmlpen  of  tha  foregoing  decades  have  had  in  their  ninda  some 
kind  of  cost  analysis.  The  really  new  item  ia  tha  methodology  and  tha  computer  tools  that 
can  allow  ue  today  to  follow  aa  exhaustive  coat  analysis  and  to  compare  a  great  number  of 
possible  configuration  solutions  to  aatiafaoe  the  requirements. 


transport  aircraft  cat 
into  tha  development 


times  BJb  tatt  was  fouadad  in  1923.  Tha  first  design  effort  on 
■  from  tha  fourtise  whan  the  iwlgi  of  tha  0-201  and  0-303  and  lad 
and  production  of  tha  c-307  ’AM*  which  waa  in  service  with  the 


Spanish  Air  Perea  in  tha  sixties. 

ijl  8  23  0  50 


91-08825 


A  very  important  ■il— tow*  for  tho  CAM  daoign  offlos  nu  tho  daoign  of  tho  nil  known 
C-212  Aviooar  an  tho  sixties.  Nowadays  — vorol  voroiom  of  thio  aircraft  ha  vs  boon  de¬ 
veloped  including  Maritime  Patrol  and  Klaetronle  Warfare.  Thoy  aro  atilt  in  production 
and  in  aorvioo  with  a  lot  of  Airforo—  all  ovor  tho  world.  Mora  than  400  airorafta  soldi 


In  tho  79a  and  89s  daoadaa  CAM  d— tgnort  tho  C-401  and  CM- 235  roopoctivaty.  Tho  loot 
ono,  nowadays  in  production,  ropro— nto  tho  now  ganaration  of  Medium  Military  Transport 
Aircraft. 


CAM  is  ono  of  tho  partners  in  tho  European  Consortium  for  tho  design  and  davolopanant  of 
tho  KAOrLM  and  HM9AI  Program  on  military  transport. 


The  analysis,  from  tho  Daoign  Office,  of  the  Requirements  for  tho  design  and  development 
of  the  oonfigurotion  must  be  the  first  stop  before  starting  the  deo ign  process. 

This  as— ament  must  bo  driven  to  obtain  a  cl— r  understanding  of  the  real  needs  to  be 
covered  by  the  new  design. 

This  targst  impli—  several  technical  studies  to  avaluate  tho  implications  on  the  config¬ 
uration  and  also,  identify  the  "cost  driver*  parameter*  to  allow  the  designers  to  concen¬ 
trate  their  effort  on  the  optimisation  of  tho—  pa  ram  tors. 

In  particular,  this  prooa—  bacon—  critical  when  it  is  involved  in  international  programs 
which  must  taka  into  account  the  requl  rsmsnts  from  various  National  Air  Pore—  with 
several  specific  constrains. 

This  impli—  a  large  margin  on  —  ch  requirement  and  a  different  priority  level  on  it.  In 
this  case,  an  harmonisation  prone—  must  be  carried  out  in  order  to  obtain  a  final  mm t  of 
requirements  to  be  assumed  by  each  Nation  involved  in  the  program. 

However,  to  got  final  agroaamnt,  the  Design  Offices  must  perform  several  trade-off  studies 
in  order  to  quantify  the  advantag—  and  penalties  to  be  paid  by  emphasizing  one  or 
another  design  parameter. 

Tho—  otudi—  aro  usually  call  ad  Pre-feasibility  studi—  and  thoy  help  the  authorities  to 
undarstand  tha  1  spit  nations  on  the  aircraft  of  modifying  the  preliminary  requirements.  The 
Preliminary  Requirements  are  officially  endorsed  in  the  European  staff  Target  (SST1  which 
establish—  tho  haaic  requirements  to  define  the  Baseline  Configuration. 

Following  thio  prop— a.  tho  Feasibility  Studi—  must  bo  performed  by  the  Project  Offic— 
to  evaluate,  in  more  depth,  the  real  poasibiliti—  to  full-fill  the  complete  set  of 
rsquiremsnts  and  oval— to  the  panel ti—  in  weight,  performance  and  cost. 

H»s—  studi—  will  help  to  determinate  of  the  final  requiremet  to  be  imposed  to  the  air¬ 
craft  and  including  in  tha  Kuropaan  staff  Requirement  am),  —  the  bos—  from  which  to 
start  tha  Project  Definition  Phase. 
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The  requirement  analysis  proc—  are  sumarised  on  figure  1. 


3.  laona—iw  vnaoB  xltbrkativb  oogtaromi 


During  the  requirements  analysis  process  several  alternative  configurations  must  be  de¬ 
signed  and  evaluated  by  the  Project  Offices,  prior  to  concentrating  all  their  effort  on 
the  most  promising  ones. 

At  the  end  of  the  analysis,  two  or  three  alternative  configurations  may  cover  the 
requirements.  To  select  the  optimum  one  implies  a  methodology  which  will  be  presented 
later  on  this  paper. 

To  ilustrate  these  items,  some  real  examples  will  be  presented. 


CASA  C-212 

In  1964,  CASA  Projects  Office  started  the  first  studies  to  design  a  new  aircraft  baaed  on 
Spanish  Air  Force  Specifications. 

In  summary,  the  main  requirements  were  to  design  a  multi-purpose  transport  aircraft  able 
to  replace  the  old  JO-52  with  capacity  for  small  military  vehicles  and  abla  to  operate 
from  unprepared  short  fields. 

The  main  specifications  to  be  full-filled  by  the  C-212,  ere  summarised  in  figure  2. 

During  a  period  of  time  of  four  years  several  configurations  were  evaluated,  being  finally 
selected  two  alternative  configurations. 


The  main  common  characteristics  of  both  configurations  were  :  aircraft  with  high  wing, 
monoplane  and  double-slotted  flaps,  unpreasurised  fuselage  of  "almost  square*  cross 
section  and  large  access  rear  door,  two  turboprops,  fixed  tricycle  landing  gear  and 
windscreen  offering  good  visibility. 

The  first  design  was  an  aircraft  configuration  with  straight  wing  and  struts  to  support 
it.  A  three  view  drawing  is  shown  in  figure  3. 

The  finally  selection  was  a  configuration  with  a  cantilever  wing  and  a  medium-high 
thickenesa  profile. 

The  optimum  configuration  ia  shown  in  figure  4  and  in  figure  5  ia  presented  the  actual 
configuration  of  the  CASA  C-212/S-300. 

It  is  important  to  mention  the  operative  weights  evolution  on  this  aircraft.  The  MTON  of 
the  prototype  was  6000  Kg  and  the  present  specification  shows  a  MTON  of  7700  Kg  for  the 
C-212/senes  300  which  represents  an  increment  of  28  %  on  operative  weights  baaed  on 

re-engine  progress. 
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Landing  Distance  (MLM)  •  700  n 


The  CN-235  ha*  been  aelected  by  Air  Force*  of  three  NATO  countrieei  Spain,  France,  Turkey 
and  it  i*  now  in  aelection  process  by  USAF. 

The  aircraft  has  been  also  sold  to  several  Air  Force*  all  over  the  world:  Saudi  Arabia, 
Boatwana,  Indonesia,  Marocco,  Brunei,  Chile,  Ecuador,  Panama. 

EUROFLAG 

An  European  industrial  consortium  wa*  created  in  1969  by  the  companies:  AERITALIA 

(Italy),  AEROSPATIALE  (France),  British  Asrospace  (United  Kingdom),  CASA  (Spain)  and  MBB 
(West  Germanytin  order  to  design  and  develop  a  new  aircraft  to  replace  the  0-130  Hercules 
and  0160  Tranaall  aircraft. 

The  Independent  European  Programme  Group  tIEPG)  issued  the  draft  of  OEST  for  "Future  Large 
Aircraft"  (FLA)  in  April  19B8.  This  OEST  included  the  basic  requirement  from  the 
Ministries  of  Defense  of  Belgium,  France,  Nest  Germany,  Italy,  Spain,  United  Kindom  and 
Turkey  for  a  new  generation  tactical  transport  able  to  be  converted  to  a  tanker  variant. 

The  main  specification  can  be  summarised  as  being  a  Tactical  Transport  Aircraft  in  the 
range  of  20-25  Tonnee  of  military  pay-load  with  long  range  capability  in  the  order  of 
2000-2500  ns. 

On  this  AGARD  panel  there  are  other  apecific  papers  presenting  in  more  detail  the  actual 
status  of  the  programme,  anyway,  just  to  give  some  examples,  in  figures  1445  and  16  are 
shown  alternative  configurations  of  EUROFLAG  with  different  powerplanta  and  cabin  di¬ 
mensions. 

4.  CONFIGURATION  ITEMS 

As  it  is  mentioned  before,  during  the  requirements  analysis  process  trade-off  studies  must 
be  performed  in  order  to  obtain  a  clear  idea  of  the  influence  that  some  key  parameters 
have  over  the  complete  aircraft  configuration.  The  identification  of  the  critical 
parameters  and  the  evaluation  of  advantages  or  penalties  to  be  paid  for  covering  one  or 
another  requirement  is  essential  to  design  the  optimum  feasible  solution  from  both 
technical  and  economical  point  of  view. 

These  trade  off  studies  must  cover  a  lot  of  configuration  aspects,  besides  of  mission  and 
performance  data;  however,  for  an  airlifter  design,  there  are  some  which  have  a  tremendous 
influence  upon  the  overall  configuration. 

These  configuration  aspects  are  presented  as  follows: 

-  Military  Loads  to  be  transported 

The  identification  of  all  the  types  of  loads  to  be  carried  by  the  new  design  is  the 
first  step  to  be  covered  by  the  designer  in  conjunction  with  the  Military  authorities. 

It  is  essential  to  determine,  not  only  the  mass  and  geometrical  data  of  each  load,  but 
also  the  priority  by  which  it  is  to  be  transported,  the  number  and  distribution  inside 


the  fuselage  cabin.  This  analysis  allow*  critical  load*,  and  also  the  critical  point* 
on  loading  operation*,  to  be  identified. 

Bwlm  Length  and  Croon  Section 

After  the  selection  of  the  critical  load*,  it  i*  necessary  to  evaluate  the  effect  on 
cabin  design. 

A  trada  off  etudy  between  the  percentage  of  Military  loads  able  to  be  transported,  and 
the  implications  in  weight  and  fuel  consumption  of  the  configuration,  must  be  carried 
out  to  determine  the  optimum  one,  and  to  identify  the  loads  which  cannot  be  transported 
without  a  big  penalty  on  the  overall  configuration. 

To  present  some  figures  of  merit,  for  example,  for  a  medium-large  military  transport 
design  the  effect  of  increasing  10  %  in  fuselage  width  implies  an  increment  of  7-9  % 

in  fuselage  weight  and  around  3-5  %  in  total  gross  weight.  Or,  10  %  increase  in 
fuselage  length  will  imply  an  increment  of  10-12  %  in  fuselage  weight,  and  around  3-5  % 
in  total  groes  weight. 

Loading  system  t 

Based  on  the  previously  mentioned  itesa  and  on  the  operational  requirements  for  the 
aircraft,  an  aaeeament  of  the  loading  system  must  be  done.  This  includes  the  to  design 
and  analiass  of  the  rear  ramp  end  ventral  door,  including  the  process  of  loading 
vehicles  in  order  to  determine  the  minimum  clearances  between  the  military  loads  and 
the  aircraft  structure. 

It  must  be  also  considered  in  this  study  the  implications  and  benefits  to  be  obtained  if 
a  variable  oleo  extension  is  included  in  the  loading  operations. 

As  a  conclusion  of  this  analysis,  the  percentage  of  military  loads  versus  ramp  angle  and 
sill  height,  will  be  determined. 

Depending  of  the  operational  requirements,  an  the  particular,  the  loading  times,  it  may 
be  neccesary  to  analizes  the  advantages  and  disadvantages  of  implementing  a  front 
loading  ayatem.  This  study  must  be  focused  on  determining  the  penalty  in  weight  and 
subsystems  complexity  to  be  paid  in  order  to  reduction  on  loading  times. 

Separate  comments  must  be  made,  when  considering  the  design  of  solutions  incorporating 
a  double  vertical  tail,  in  order  to  increase  the  space  in  the  rear  fuselage  zone  for  the 
loading  operations.  This  method  was  used,  in  the  past,  on  the  Packet  and  Noratlaa 
designs  for  example,  however,  nowadays  the  weight  penalty  to  be  paid  and  the  drag 
increase  normally  drives  to  design  e  single  vertical  tail. 

Wing  Design: 

One  of  the  most  important  requirements  for  military  airlifters  is  operation  on  short 
fields. 

This  requirement  implies  the  design  of  a  wing  with  sophisticated  highlift  devices.  The 
determination  of  tbs  efficiency  of  these  highlift  devices  in  order  to  fulfill  the 
performances  requirements  versus  weight  and  complexity  needs  to  be  done  very  careful 
job,  to  be  able  to  assure  tltat  the  wing  design  is  in  accords  with  the  real  needs  of 
aircraft  operations,  taking  into  account  that  an  overdimenaion  of  wing  area  of  around  5 
%  implies  an  increment  in  wing  weight  of  10  %. 


4-7 


-  Number  and  Type  of  origin— 

The  speed  range  required  for  the  aircraft  drives  the  type  of  powerplant  to  be 
incorporated  on  the  configuration.  For  airlifter  with  a  speed  requirement  up  to  H  -  0,6 
the  optimum  solution  ia  normally  to  install  turboprop  engines. 

Nhen  the  speed  is  in  the  range  of  M  -*  0,6  -  0,67  the  new  single  rotating  prop-fans 
presort  the  best  performs  nee,  although  the  propeller  efficiency  could  be  the  main 
problem  to  be  analised. 

In  the  range  speed  of  M  ■  0,67-0,77  the  counter  rotatory  prop-fan  must  be  aeriusly 
considered  as  the  selected  powerplant  even  taking  into  account  tha  technological  risk 
that  the  development  of  this  type  of  engine  carries.  In  this  range  of  speed,  at  least 
on  the  higher  margin,  the  utilisation  of  turbofan  powerplant  ia  also  poaoihle,  however, 
for  the  same  design  mission  the  reduction  on  gross  weight  between  counter  rotatory 
prop-fan  an  turbofan  configuration  can  be  evaluated  in  6  -  8  %  for  a  medium-large 

airlifter. 

For  speed  range  greeter  than  M  »  0,77  the  best  suited  powerplant  will  be  turbofan 
engines. 

The  next  configuration  aspect  to  be  considered  ia  the  number  of  engines.  It  is  driven 
by  the  availability  of  engines  in  the  power  range  required,  and  by  the  reliability 
requirement  imposed  on  subsystems  associated  with  the  engine  and  on  the  complete 
aircraft.  This  subject  must  be  assessed  in  depth  since  the  difference  in  gross  weight 
from  a  configuration  with  two  engines  compared  with  four  engines,  with  similar  total 
thrust,  can  be  in  the  order  of  9  -11  %. 

There  are  eeveral  other  parameters  to  be  considered  during  the  trade-off  studies  before 
fixing  the  final  requirements,  in  particular  mission  parameters,  field  and  flight 
performances,  and  secondary  roles  to  be  covered  by  the  new  design.  These  have  not  been 
considered  in  this  paper  to  emphasize  the  configuration  parameters. 

&  OOWFIGOHATIOW8  COMPAKiaOH  HBTBOPOIOQy 


During  the  Feasibility  Phases  for  any  new  program,  the  normal  procedure  at  present  is  to 
study  and  analyze  eeveral  different  configurations,  designed  according  to  the  established 
requirements. 

This  means  that  there  must  be  adequate  tools  to  allow  coroparision  of  all  these 
configurations  in  order  to  check  which  of  them  better  acomplishes  the  required  missions. 
Several  parameters  could  be  used  to  do  this  comparison  but  in  the  case  of  military 
transports,  probably  the  two  most  important  characteristics  are  the  resulting  Cost  and 
Effectiveness  for  esch  of  the  configurations  under  study,  for  the  missions  for  which  they 
are  designed. 

The  assessment  of  Life  Cycle  Cost  versus  Mission  Effectiveness  will  provide  the 
information  necessary  to  discriminate  between  the  several  candidate  configurations 
allowing  studies  in  the  following  phases  to  be  concentrated  only  on  the  most  promising 
one. 
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Attention  will  be  focused  from  now,  in  thia  chapter,  neinly  on  Mispiofr  Bffeotiveneaa 
Analysis,  due  to  the  fact  that  coat  analysis  aaama  already  to  be  better  understand  and  it 
has  also  bean  the  sain  subject  of  a  past  IMP  Symposium. 

Talking  about  nilitary  transports.  two  completely  different  utiliaationa  can  normally  be 
expected)  peacetime  and  wartime. 

A1  too  ugh  aircraft  and  fleat  aiaing  will  normally  be  driven  by  wartime  requirements,  it  is 
clear  that  peacetime  operations  will  compose  a  high  percentage  of  the  total  aircraft 
utilisation  time,  so  thia  need  also  to  be  carefully  analysed  in  order  to  compare  the  dif¬ 
ferent  configurations  studied.  Operational  effectiveness  in  both  oaasa  (peace  and 
wartime)  must  be  considered. 

The  configuration  comparison  process,  could  than  follow  the  following  steps 


a)  Clearly,  the  first  thing  to  do  is  to  identify  and  define  the  missions  to  be  used  as 

baaes  for  the  study.  The  number  of  such  missions  must  be  enough  to  cover  all  the 
relevant  aspects  of  the  intended  operations. 

b)  Another  factor  which  clearly  need  to  be  carefully  studied  in  order  to  get  an  adequate 

Mission  Effectiveness  analysis,  is  the  definition  of  the  expected  threats  during  the 
operations  of  the  aircraft.  It  means  that  for  each  mission,  the  definition  of  the 
scenarios  in  which  the  a/c  have  to  operate  must  be  started,  with  as  accurate  in¬ 
formation  as  possible  about  distribution  and  number  of  threats,  their  general 
characteristics,  etc. 

Thia  information,  used  for  the  vulnerability/  survivability  analysis,  will  be 
transformed  into  expected  survivability  figures  and  kill  rates  for  every  of  the 
configurations  studied,  that  affecting  the  final  number  for  fleet  siring  required  to 
acetui.pl  i*h  the  missions,  with  each  of  the  a/c. 

c)  After  that,  a  careful  selection  must  be  made,  of  the  parameters  which  are  going  to  be 

used  as  a  measurement  of  aircraft  effectiveness. 

At  the  early  stages  of  a  program  the  results  obtained  for  the  Mission  Effectiveness 
Parameters  will  normally  allow  the  identification  of  the  configuration  design 
parameters  which  influence  to  a  high  degree  the  final  result.  Trade  offs  in  these 
parameters  will  permit  the  selection  of  the  best  values  for  the  final  reference 
configurations. 

d>  In  the  end,  and  a  result  of  the  different  factors  considered  previously,  it  will  be 
possible  then  tos 

-  Discriminate  between  the  several  configurations  studied  in  a  quantitative  way, 
helping  in  the  selection  process  in  objective  form 

-  Identify  the  changes  in  the  configuration  design  parameter*  which  may  produce  an 
improvement  in  the  overall  effectiveness  of  the  aircraft,  in  order  to  evaluate  if 
it  is  worth  or  not  to  change  them. 

-  Make  a  preliminary  assessment  of  the  overall  fleet  ai2e  required  to  perform  the 
intended  missions  in  the  threat  scenario  environment  expected  for  the  aircraft, 
which  is  in  the  end,  one  of  the  most  important  results  which  can  be  produced  at 


ths  early  stages  of  a  program. 


All  of  this  ho  waver,  must  be  done  with  tool*  suited  to  the  preliminary  phases  of  the 
program,  which  means  that  they  must  be  feat  enough  to  unable  se-  >ral  different 
oonfiguratione  be  analysed  in  short  time.  It  means,  clearly,  that  the  result  a  obtained 
will  be  normally  approximated  aa  absolute  values,  but  they  still  can  be  considered  an 
fully  valid  for  comparison  purposes,  which  is  the  aim  of  the  preliminary  phases. 

A  block  diagram  summarising  this  process  is  shown  in  figure  17, 


«WMAW  AMP  OOWCMTOW 


The  history  and  actual  process  followed  at  CASA  for  the  analysis  of  the  requirements  and 
selection  of  the  most  suitable  configuration  for  a  new  Military  Airlifter  System  have  been 
presented. 


The  importance  of  an  adequate  initial  choice  of  some  parameters  such  as  fuselage 
cross  section  and  length,  wing  area  and  geometry  related  to  load  and  unload  operations 
has  been  emphasised. 

Peace  time  and  war  time  operations  must  be  taken  into  account  to  get  a  realistic  view  of 
essential  factors  such  as  fleet  sise  and  life-cycle  coat  for  the  transport  system. 

Finally  the  availability  of  suitable  powerplanta  is  an  important  factor  to  fix  the  final 
specifications  of  a  Military  Airlifter  System. 
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ENSElGMEVEmS  TIRES  PM  LA  FRANCE  DE  SES  EXPERIENCES  OPERATKMELLES  RECENTES 
EN  NATIERE  HE  CONCEPTION  D'AYIOHS  DE  TRANSPORT  MUTAIRE 


PAR 

le  Colonel  BEVILLARD,  sous-chef  PLANS  do  Transport  aErien  hilitaire 
B.A.  107  -  78129  VELIZY-V1LLAC0UBLAY-AIR 


C'est  paace  oue  l'Histojre  leor  dicte  que  les  arises  de  la  France 

ONT  PU  ACQUERIR,  DANS  UN  PASSE  RECENT,  DES  EXPERIENCES  OpEraTIONNELLES 
RICHES  d'INSEISNEMENTS  CAR  TIREt  DE  THEATRES  AUSSI  DIVERS  OUE  L'InDOCHINE, 

l’AloErie  ou  le  Tchad. 

Ainsi  furent  ElaborEs  les  concepts  d'emploi  d'une  AVIATION  DE 

TRANSPORT  HILITAIRE,.  EUX-hCHES  AYANT  DONNE  NAISSANCE  AUX  CRIltRES 

INDISPENSABLES  A  retenir  ouant  A  la  conception  DE  F LOTTES  et  d'avions 

FUTURE. 

En  EFFET,  AU  F1L  DES  NECESSITEs  D'UNE  SUERRE  TOUJOURS  HOUVELLE, 
DE  HOMME  IIX  NODES  D' ACT  I  OHS  FURENT  dEVELOPPEs  !  DES  OPERATIONS  aErOPORTEES 

aux  Evacuations  sanitaires,  des  fonts  aEriens  aux  missions  plus 
particuliEres,  s'il  he  fallait  retenir  ou'un  seul  critIre  ce  serait  sans 

CONTESTE  CELUI  DE  LA  MUTE. 

Le  Conmandehent  du  transport  aErien  hilitaire  (CO.T.A.M.)  et  avec 
LUI  l'ArhEe  DE  L'AIR  FRANCA1SE  ONT  ORIENTE  EN  CONSEQUENCE  LEUR  REFLEXION 
VERS  LE  FUTUR  ET  RETENU,  A  L# HORIZON  2003,  QUELOUES  VERSIONS  POSSIBLES 
D*UN  CARGO  TACTIQUE  POLYVALENT  LARGE  D*AU  NOINS  AN  ET  HAUT  DE  3,55M, 
c'est-A-dire  DE  TAILLE  ANALOGUE  A  CELLE  d'un  FINA  OU  d'un  EUR0FLA6. 

C'EST  DIKE  OUE  CET  AVION  SERA  UN  AVION  NOUVEAU  !  IL  NE  S  AURA  IT 
£TRE  NI  UN  C160  QUADRIHOTEUR  NI  UN  C130-J  HAIS  DEVRA  EtRE  LE  FRUIT  D'UHE 
COOPERATION  EUROPEeNNE  POUR  LE  M0IN3,  AHErICANOEUROPEENNE  POUR  LE  HIEUX. 


La  France,  dans  son  passE  rEcent  de  l'aprEs  seconde  guerre  hondiale,  a  engage 

ET  EN6AGE  ENCORE  DE  MULTIPLES  OPERATIONS  LOIN  DE  SES  FRONTI&RES.  Il  FAUT  VOIR  lA  UNE 
CONSEPUENCE  DIRECTE  DE  SON  HISTOIRE  OUI,  AU'DELA  DE  LA  DECOLONISATION,  A  SU  LUI  CREER 
DES  LIENS  HAIS  AUSSI  LUI  IMPOSER  DES  DEVOIRS. 

PARTIE  DE  SON  OUTIL  HILITAIRE  s'EST  FORgEe  EN  CONSEQUENCE  ET  C'EST  AU  TRAVERS 
DES  EXPERIENCES  OPERATIONNELLES  RECENTES  GU'lL  FAUT  ESSAYER  DE  TIRER  LES  ENSEI6NEMENTS 
nEcessaires  en  mat i Ere  de  conception  d'avions  de  transport  hilitaire. 

Cette  rEflexion  sera  menEe  en  trois  temps  : 

1.  Hier  :  l'Indochine  et  l'AlgErie  19A7  -  1982 

2.  Aujourd'hui  :  l'Afrique  et  le  Tchad  1969  -  1990 

3.  Demain  :  l'avioh  de  transport  futur  2003 
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1.  HIE*  I  L'lmCHIIC  ET  L'ALGEXIE  19V  -  1982 
LI.  L'Indochire  r  WV-HS4 

Lei  Writable!  dEbuts  m  l'aviation  de  transport  militaire  en  tant  que  node 
d'action  nEcessaire  aux  forces  armEes  franca i ms  remontent  X  la  querre  d'Indochine, 
C'E8T-X-DIRl  1947. 

II  EST  VRAI  CEFENDANT  QUE  L’ORISINE  PROPREMENT  DITE  DU  TRANSPORT  aErIEN  MILITAIRE 
OATS  PLUTfiT  DE  1945  ALORS  QUE  LA  FRANCE  SE  VOVAIT  CONPRONTEe  AU  dEl[CAT  PROBLEmE  DU 
RAPATRIEMENT  DE  SES  dEpORTEs  ET  PRISONNItRS  DE  QUERRE.  Il  S'AGISSAIT  LX  DE  FAIRE  FACE 
X  UNE  SITUATION  D'AUTANT  PLUS  DIFFICILE  QU'AUCUN  MOYEN  CONCU  ET  ORGAN  I sE  X  CETTE  FIN 
NE  SE  TROUVAIT  ALORS  D1SPONIBLE.  TOUJOURS  EST-IL  QUE  LE  RASSEMBLEMENT  DES  APPAREILS 
LES  PLUS  HETfROCLITES  DU  MOMENT,  COMME  LES  ANC1ENS  BOMBARDIERS  RECONVERT IS  VAILLE  QUE 
VAILLE,  DONNA  LE  JOUR  AU  6ROUPCMENT  DCS  MOYENS  MtLITAIRES  DE  TRANSPORT  AERIEN 
(G.fl.R.T.A.)  ANCETRE  DC  L'ACTUEL  CoMMANDENENT  DU  TRANSPORT  ADRIEN  MILITAIRE  PLUS  CONNU 

sous  l'acronyme  de  CO.T.A.M.. 

CET  ASPECT  DES  CHOSES  mERITAIT  D'ETRE  EvOQUE  AVANT  D'EN  REVENtR  X  L'lNDOCHINE. 
Il  a  en  effet  le  mErite  d'Etre  historique  et  de  hettre  en  Evidence  un  type  de  mission 

GUI,  AUJOURD'HUI,  TEND  X  PRENDRE  DE  PLUS  EN  PLUS  D* IMPORTANCE  !  LES  MISSIONS 
HUMANITAtRES. 

ALORS,  L'lNDOCHINE  !  LA  FRANCE  Y  MENA  UNE  GUERRE  LONGUE  DE  SEPT  ANNEES,  GUERRE 
X  DOMINAMTE  TERRESTRE  MAIS  QUI  REvELA,  CHAQUE  JOUR  DAVANTAGE  AU  F  IL  DU  CONFL.T,  LA 
nEcESSITE  IMPErIEUSE  DES  ACTIONS  INTERARMEES.  Il  S'Y  EST  AG  I  D'EXEcuf'tt  DES  OPERATIONS 
aEroportEes,  rayitaillements  par  air,  ports  aEriens,  Evacuations  sanh  sires, 

BOMBARDEMENTS,  TRANSPORTS  LOGISTIQUES,  OU  DE  V.I.P.. 

Pour  ce  faire  le  6.H.H.T.A.  NE  disposait  que  de  JU  52,  X  ce  point  peu  nombreux 
que  des  renforts  amEricains  constituEs  d'une  centaine  de  C47  et  d'une  vingtaine  de 
C119  Packett  furent  nEcessaires  :  dEjX  l'insuffisance  DES  MOYENS  nationaux  se  faisait 
cruellement  sentir  I  RalgrE  tout,  cela  n'empEcha  pas  de  dEvelopper  DES  MODES  d'action 

ADAPTES  AUX  OPERATIONS  X  rEaLISER  COMME  LE  FURENT  LES  PARACHUTAGES  AU-DESSUS  DES  POSTES 
ISOLEs  SANS  LESQUELS  ILS  NE  POUVAIENT  SURVIVRE. 

ALORS  vERITABLEMENT  LES  CONCEPTS  D'eNPLOI  DE  L'AVIATION  DE  TRANSPORT  MILITAIRE 
VIRENT  U  JOUR.  C'ETAIT  TOUTEFOIS  TROP  TAR?  POUR  CHERCHER  X  LES  VALIDER  SUR  CE  QUI 
DEVIENDRAIT  LE  FUTUR  CHEVAL  DE  BATA1I.LE,  LE  N2501  NORATLAS  LIVRE  AUX  UNITES 
opErationnelles  quelques  mois  seulement  aprEs  LA  FIN  DES  OPERATIONS  DE  CE  THEATRE 
AS  I AT I QUE. 

ToUJOURS  EST-IL  QUE  DE  CES  CONCEPTS  FURENT  TIRES  DES  CR I TERES  NECESSAIRES  X 
LA  CONCEPTION  D'AVIONS  FUTURS  ET  INTEgRALEMENT  RETENUS  POUR  LA  DEFINITION  DU  CARGO 
POLYVALENT  ACTUEL  i  LE  C160  TrANSALL.  CES  CHOIX  FURENT  JUDICIEUX  COMME  LE  CONFIRMA 
l'enqaqement  suivant  t  l'XlgErie. 

1,2.  L'Al^ie  s  1954  -  1962 

Autant  l'Indocmine  est  associEe  X  l'emploi  du  JU  52  (renforcE  des  C47 
amEricains),  autant  l'AlqErie  reste  le  thEAtre  Hord-africain  d'intense  utilisation 
du  *2501. 


Avec  cet  avion,  toub  les  modes  d'action  dEveloppEs  X  l' OCCASION  du  conflit 
prEcEdent  furent  exploitEs  bien  que  sur  un  thEAtre  profondEnent  DIFFERENT.  Bien  plus. 
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DC  NOUVEMJX  VI RENT  LE  JOUR  TANT  IL  EST  VRAI  QUE,  LA  NATURE  DES  OPERATIONS  EVOLUANT, 
L* ENGAGEMENT  AER1EN  PR1T  DE  PLUS  EN  PLUS  D' IMPORTANCE  AVEC  L'APPARITION  D'APPU1“FEU 
rapprochE  non  sans  CONSEQUENCE  sur  les  missions.  Il  s'est  ALORS  AS  I  DE  POSTES  DE 
COMMANDEMENT  VOLANT,  RECHERCHE  DE  RENSEIGNEMENTS,  gCLAIRAGE  DE  CHAMP  DE  SATA ILLS  ET 
hEliportabes  D'ASSAUT. 

Les  ENSEIGNEMENTS  QUI  S'EN  dEgASIrENT  POUR  LE  TRANSPORT  AER1EN  MILITAIRE  FURENT 
DE  DEUX  ORDRES  i 

Au  PLAN  DCS  TECHNIGUES  RISES  EN  OEUVRE,  IL  EST  APPARU  GU'ELLES  FURENT  ADAPTEES 
ET  EFF1CACCS  EN  REGARD  DES  BUTS  RECHERChEs.  ElLES  PERMIRENT  DONC  DE  VALIDER  LES  CRITtRES 
RETENUS  EN  INDOCHINE  00  FURENT  DEVELOPPES  NOS  CONCEPTS  d'eMPLOI . 

EN  EFFET,  OU'EST-CE  QUE  LE  SYSltNE  d'ANMES  D'UN  AVION  DE  TRANSPORT  MILITAIRE, 
SI  CE  N'EST  SA  SOUTH  ?  Celle-ci  DOIT  PERMETTRE  DES  !  ' 

-  CHAMCMENTS  ET  dEcMARGCMENTS  RAPIDES  1MPLIMJANT  DES  ACClS  AVIONS  PARFAITEMENT  DEGAGES. 

~  MAtEr I ELS  ADAPtES  X  CES  CHAR 6EME NTS  COMME  LE  SONT  PAR  EXEMPLE  DES  RAMPES  D'ACcEs. 

-  EMBARMIEMENTS  DE  TOUT  TYPE  DE  FRET. 

-  TRANSPORTS  DE  PASSA6ERS  ASSIS  OU  COUCHES. 

-  PARACHUTAGES  DE  PERSONNELS  COMME  DE  MATER  I  ELS. 

-  POSTES  DE  COMMANDEMENT  VOLANT  DOTEs  DE  MOYENS  DE  TRANSMISSIONS  NECESSAIRES  ET  ADAPTEs 
X  LA  MISSION  INTERARMEES. 

-  VOLS  LE  PLUS  BAS  ET  LE  PLUS  PRECIS  POSSIBLE,  DONC  DE  bEnEfiCIER  d'uN  MAXIMUM  DE 
VISIBILITY  DANS  LE  COCKPIT  ET  DE  MOYENS  DE  NAVIGATION  ADAPTEs. 

-  UTILISATIONS  DE  TOUTES  LES  SURFACES  POSSIBLES  POUR  LE  DEcOLLAGE  ET  L' ATTERRISSAGE, 
DONC  D'ETRE  SUFF 1 SAMMENT  RUST I QUE,  RESISTANT  ET  AUTONOME. 

AU  PLAN  DE  L'ORSANISATION  ENSUITE  S  IL  APPARUT  INDISPENSABLE  DE  DECIDER,  X 
L'ISSUE  DE  CETTE  GUERRE,  LE  REGROUPEMENT  DES  MOYENS  LOURDS  ET  DES  hElICOPtErES  AU  SEIN 
D'UN  SEUL  GRAND  COMMANDEMENT,  LE  CO.T.A.H.  ACTUEL. 

CECI  N*EST  PAS  SANS  INFLUENCE  SUR  L' AMELIORATION  DES  AERONEFS  D'AUJOIIRD'hUI 
ET  LA  DEFINITION  DE  CEUX  DE  DEMA1N  dEs  LORS  QU'UNE  MEILLEURE  COHERENCE  EST  ASSUREe. 
C'EST  EN  EFFET  AU  SEIN  D'UN  MEME  EtAT“HAJOR  QUE  PEUVENT  §TRE  ETUDlEES  LES  DONNEES 
TACTIQUES  ET  STRATEgIQUES  PERMETTANT  UNE  APPROCHE  GLOBALE  ET  EXHAUSTIVE  DU  PROBLEmE 
ABM'TISSANT  X  LA  DEFINITION  D'AVIQNS  LES  MIEUX  C0N5US  POSSIBLES  EN  REGARD  DES  MISSIONS 
X  ACCOMPLI R. 

Il  FAUT  AINS1  TENIR  COMPTE  DES  : 

*  FACTEURS  EVOLUTIFS  QUE  L'ON  P0URRA1T  CLASSER  EN  DEUX  CATEGORIES  ! 

-  LES  FACTEURS  EXTERNES  TOUT  D'ABORD,  REPREsENTEs  PAR  DIFFERENTES  MENACES. 

Au  PLAN  gEOSTRATEgIMJE  ELLES  EXIGENT  DES  FORCES  ARMEES  FRAN?AISES  UNE  BONNE 
CAPACITY  DE  DISPERSION  CE  QUI  IMPLIQUE  d'EQUIPER  LE  TRANSPORT  AERIEN  MILITAIRE  DE 
NOMBREUX  CARGOS  MOYENS  PORTEURS  DE  PREFERENCE  X  DE  GROS  PORTEURS  EN  QUANTITE  rEDUITE. 
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Au  PUN  TECHNIQUE  ERSUITE,  ELLES  CONDITIONNEKT  LES  CAPACITY  D'UN  AVION  X 
SURVIVRE  DANS  UN  ENVIRONNENENT  PARTICULI YREMENT  HOSTILE,  D*o0  LA  MISE  AU  POINT 
D'YQUIPEMENTS  PARTICULIERS  AUTORISANT  UNE  TrYs  BONNE  MANOEUVRABILITY  EN  TOUTES 
CIRCONSTANCES  ET  EN  TOUTE  SYCURITY. 

-  LES  FACTEURS  INTERNES  ENSU1TE,  INHYrENTS  X  LA  NATURE  DES  BESOINS  MILITAIRES  X 
TRANSPORTER  MAIS  TOUJOURS  DIFFICILES  X  YVALUER  POUR  l'AVENIR.  CELA  RElYvE  DE  LA 
STATISTIOUE  ET  CONDUIT  X  ARRYTER  DES  COMPROMIS  OUANT  AUX  DIMENSIONS  DE  SOUTE  X  RETEN1R. 

IL  PEUT  YOALEMENT  S'AGIR  DES  MODES  D'ACTION  OU'lL  FAUDRA  METTRE  EN  OEUVRE  ET 
POUR  LE5QUELS  LES  TECHNIQUES  NUMYRIQUES  PERMETTENT  UNE  YVOLUTION  ET  UNE  SOUPLESSE  OUE 
N'AUTORISAIT  PAS  AUTREFOIS  L 'ANALOG I OUE . 

*  FACTEURS  INVARIANTS  QU1  RELYVENT  AUSSI  BIEN  DES  GRANDS  ENJEUX  STRATYgIQUES 
ARRYtYS  PAR  LES  PLUS  HAUTES  AUTORITYs  DE  l'YTAT  QUE  DES  CONTRAINTES  DIVERGES  D'ORDRE 
POLITIQUE,  YCONOMIQUE  OU  TECHNIQUE  RAREMENT  MaTtrIsYeS  PAR  LES  MILITAIRES.  La  MOBILITY 
DES  FORCES  EST,  POUR  LA  FRANCE,  UN  BON  EXEMPLE  DE  FACTEUR  INVARIANT  QUI  CONDITIONNE 
BIEN-SUR  L'AVION  DE  TRANSPORT  FUTUR  EN  CE  SENS  QU'ELLE  IMPLIQUE  DES  DISTANCES,  dYlAIS 
ET  THYATRES  D' INTERVENTIONS  POUR  LESQUELS  SERONT  DYFINIES  DES  CHARGES  X  TRANSPORTER 
CARACTYRISYES  PAR  LEURS  NATURES  ,  POIDS  ET  VOLUMES. 

De  l.X  PEUT-ON  ESTIMER  DES  DIMENSIONS  DE  SOUTES  POSSIBLES,  DES  COMPLYMENTARITYs 
DE  MOYENS  SOUHA1TABLES,  DES  MODES  D'ACTION  nYcESSAIRES  ET  DES  COMPOSITIONS  DE  FLOTTES 

idYales, 

Cette  approche  sera  reprise  plus  en  dYtail  dans  le  chapitre  consacrY  au  futur. 

MAIS  IL  FAUT  AUPARAVANT  ABORDER  LES  LESONS  D* AUJOURD'HUI . 

C'EST  L'OBJET  DE  LA  DEUXtYME  PARTIE. 


2.  AUJOURD'HUI  :  L'AFRIQUE  :  1969  -  1990 

La  France,  au  cours  des  deux  dYcennies  passYes,  s'est  engagYe  a  plusieurs 

REPRISES  ET  EN  DIVERS  ENDROITS  DE  CE  CONTINENT.  Nl  LA  MaURITANIE  NI  LE  ZAIRE  NE  SONT 
EXEMPTS  D'ENSEIGNEMENTS  MAIS  NUL  MIEUX  QUE  LE  TCHAD  N'ET  PLUS  APPROPRlY  POUR  TACHER 
DE  FAIRE  LA  SYNTHYSE  DES  EXPYRIENCES  OPYrATIONNELLES  ACQUISES.  Il  OFFRE  EN  EFFET 
L'AVANTAGE  D'UNE  CERTAINE  CONTINUITY  DANS  LE  TEMPS  ALORS  mYmE  QUE,  LA  NATURE  DES  MENACES 
YVOLUANT,  LES  MODES  D'ENGAGEMENT  SE  TRANSFORMERENT,  NON  SANS  CONSYQUENCE  POUR  L'aVIATION 
DE  TRANSPORT  MILITAIRE  YoUIPYE  POUR  CE  FAIRE  DE  DC8  GARANTISSANT  L'YCOULEMENT  DU  FLUX 
LOGISTIOUE  ET  DE  C160  TRANSALL  PLUS  ADAPTY  AUX  MISSIONS  X  CARACTYrE  TACTIQUE. 

Pour  commencer,  il  convient  de  rYflYchir  sur  la  pYricde  1969  -  1979  des  premiYres 
opYrations,  ce  dYcoupage  n'ayant  rien  d’arbitraire  mais  reflYtant  UNE  ACTIVITY  orientYe 

X  SON  dYBUT  VERS  UN  SUPPORT  DE  NATURE  PRINCIPALEMENT  LOGISTIQUE. 

2,1  Les  premiYres  opYrations  :  1969  -  1974 

A  l'occasion  des  premiers  engagements  il  s'est  essentiellement  agi,  compte 

TENU  DE  LA  NATURE  DES  MENACES,  DE  FOURNIR  UN  SUPPORT  L06ISTIQUE  AU  DISPOSITIF  DE  NATURE 
PUREMENT  TERRESTRE  ALORS  MIS  EN  PUCE. 

Y  FURENT  CONFIRMYs  LES  CHOIX  FAITS  SUR  C160  EN  MATlYRE  DE  ! 

-  SOUTE  !  APTITUDE  X  TOUS  LES  TRANSPORTS  POSSIBLES  ET  DE  FA?0N  AUTONOME. 
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“  AviOMS  :  CAPACITY  AUX  TERRAINS  SOHHAIRES  ET  AU  TRAVAIL  EN  CONDITIONS  TRYs  AUSTYrES 
(CHALEUR,  SABLE,  ...)  AUTONOHIE  DE  LA  NAVIGATION  ET  DE  LA  MISE  EN  OEUVRE, 
AVANTA6E  DE  LA  VITESSE,  GRANDE  MANOEUVRABILITY,  ETC.. 

Mais  dYjA  des  insuffisances  se  confirmYrent  comme  : 

■  LA  FAIBLESSE  DU  PARC  AYRIEN  (iNEXI STANCE  DE  GROS  RORTEURS  A  LONG  RAYON  D* ACTION). 

-  LE  MANQUE  DE  VISIBILITY  DANS  LA  CABINE. 

-  LA  MODEST IE  DES  CAPACITYs  LOGISTIQUES  EN  TERMES  DE  CHAR6ES  OFFERTES/DI STANCES 
FRANCHISSABLES. 

-  LA  NYCESSJTY  AU  NIVEAU  DU  THYATRE  (NIVEAU  TACTIQUE)  DE  DISPOSER  D'AVIONS  STATIONS 
RELAIS  DE  TRANSMISSIONS  POUR  LES  OPYRATIONS  ENGAGYeS. 

Les  trois  premieres  remarques  serviront  d'enseignements  pour  l'avion  DE  TRANSPORT 
ET  LA  FLOTTE  FUTURS.  C'EST  EN  EFFET  UN  PEU  TARD  POUR  LE  C160  ENCORE  QUE  LA  RELANCE 
DE  CET  AVION  EN  1980  A  PERMIS  DE  DYVELOPPER  UNE  VERSION  RAVITAlLLEURS/RAVITAILLYs 
AMYLIORANT  SENSIBLEMENT,  A  CHARGE  CONSTANTE,  LES  DISTANCES  FRANCHISSABLES. 

La  quatriYme  quant  A  elle  a  permis  de  dYvelopper  une  version  0160  poste  de 
COMMANDEMENT  (P.C.), 

En  rYsumY  ces  premiYres  opYrations  au  Tchad  ont  permis  de  mettre  en  Yvidence 
des  insuffisances  dYjA  prises  en  compte  (ou  qui  le  seront)  pour  l'avion  de  transport 
FUTUR  MAIS  AUSSI  de  VALIDER  LA  PARFAITE  ADAPTATION  DU  NOUVEAU  PORTEUR  C160  AU  TRAVAIL 
DANS  DES  CONDITIONS  DIFFIC1LES  (PARACHUTAGES,  VOLS  BASSE  ALTITUDE,  TERRAINS  SOMMAIRES, 
MISE  EN  OEUVRE,  FIABILITY,  AUTONOHIE,  ETC.). 

IL  FAUT  CEPENDANT  Y  AJOUTER  UN  ENSEIGNEMENT  SUPPLYMENTAIRE  DYJA  TIrY  DES  ACTIONS 
ANTYRIEURES  MAIS  P ART I CUL I Y REME NT  CONFIRMY  SUR  CE  THYATRE,  A  SAVOIR,  LA  NYCESSITY  DE 
DISPOSER  D'YoUIPAGES  POLYVALENTS,  ROMPUS  A  TOUTES  TECHNIQUES,  DONC  TRES  BIEN  FORMYs 
ET  TrYs  BIEN  ENTRAILS  IMPOSANT  LA  MISE  AU  POINT,  AUJOURD'HUI  dYjA  MAIS  DEMAIN  PLUS 
ENCORE,  DE  SIMULATEURS  DE  MISSIONS  DES  PLUS  YvOLUYs. 

Qu'en  est-il  maintenant  de  la  pYriode  ACTUELLE  ? 

2,2.  Les  opYrations  suivantes  :  1974  -  1990 

La  nature  des  opYrations  connut  une  nette  Yvolution  en  raison  de  l'apparition 

DE  NOUVEU.ES  NENACES  DYCOULANT  DES  NOUVELLES  CAPACITYs  DYvELOPPYES  PAR  CERTAINS  PAYS, 
NOTAMMENT  EN  MAT I  ERE  DE  6UERRE  aYriENNE. 

PUREMENT  TERRESTRES  A  LF.UR  ORIGINE,  LES  DISPOSITIFS  DEVINRENT  DE  PLUS  EN  PLUS 
INTERARMYES,  LA  COMPOSANTE  AYRIENNE  S' AFFIRMANT  CHAQUE  JOUR  PLUS  INDISPENSABLE  BIEN 
QU'YVOLUANT  DANS  LE  TEMPS. 

En  EFFET,  ET  POUR  DES  RAISONS  E SSENT I ELLEMENT  POUTIQUES  L'OFFENSIVE  DUT  CYDER 
PROGRESS I VEMENT  LE  PAS  A  LA  DEFENSIVE,  LA  DISSUASION  (CETTE  FOIS“CI  DANS  LE  SENS  DU 
FORT  AU  FAIBLE)  DEVENANT  l'OBJECTIF  PRINCIPAL,  s'APPUYANT  SUR  DES  MOYENS  DE  DYFENSE 
aYriENNE  IMPORT ANTS  ACCOMPAGNYs  DE  MOYENS  DE  RETORSION  SIGNIFICATIFS. 

Mais  quelles  consYquences  cela  entra?nait-il  pour  l'aviation  de  transport 
militaire  ? 


M 


a)  La  nouvelle  politique  ainsi  fixYe  fut  X  l'origine  d'une  brusque  augmentation  des 

CHAMES  X  TRANSPORTER  PUISQU'lL  S'AQISSAIT  ALORS  DE  NETTRE  EN  PLACE  DES  SY$tYMES 
COHERE NTS  ORGANISES  AUTOUR  DES  COMPOS ANTES  I 


RADARS  +  AVIONS  +  MISSILES 

LES  POIDS  ET  VOLUMES  N'YTAIENT  PLUS  X  LA  SEULE  DIMENSION  DE  LA  SOUTE  DU  C160 

8RAVEMENT  MISE  EN  DYFAUT. 

B)  Le  THEATRE  D' INTERVENTION  ET  L'YVOLUTION  DES  FORCES  EN  PRESENCE  FURENT  LA  SOURCE 
DE  GRANDES  DIFFICULTIES  EN  MATURE  D'AUTORISATIONS  DE  SURVOLS  DE  CERTAINS  PAYS  DONT 
LA  VOLONTY  DE  NEUTRALITY  NE  PEUT  QU'YTRE  RESPECTYE.  DE  CE  FAIT  CEPENDANT  LES  DISTANCES 
X  FRANCHIR  FURENT  PLUS  PROCHES  DE  7000  KM  QUE  DE  3000  KM.  La  ENCORE  LE  C  160  N'YTAIT 
PLUS  ADAPTY  ET  IL  FAUDRA  EN  TIRER  LES  LEfONS  POUR  L'AVENIR. 

C)  De  CE  QUI  PRYcYDE  IL  FAUT  COMPRENCHE  QUE  L'AFFRYTEMENT  DE  6R0S  PORTEURS  CIVILS  DEVINT 
ABSOLUMENT  nYcESSAIRE,  DYNOTANT  UNE  FOIS  ENCORE  L'lNSUFFISANCE  DU  PARC  AVIONS  DU 
CO.T.A.fl..  BlEN  PLUS,  UNE  GRANDE  PART  I E  DES  CARGOS  TACTIQUES  C160  DURENT  YtRE 
MOBILISYs  POUR  APPORTER  AU  PLUS  PrYs  DES  ZONES  D'UTILISATION,  LES  GRANDES  QUANTITYs 
de  matYriels  dYbarquYs  sur  les  gros  aYroports  SEULS  SUSCEPTIBLES  d'accueillir  LES 
GROS  PORTEURS.  CET  ENSE I 6NEMENT  EST  ESSENTIEL  EN  MATlYRE  D'AVION  DE  TRANSPORT  FUTUR 
QUI  DEVRA  DONC  POUVOIR  INTERVENE  SUR  DE  GRANDES  DISTANCES  ET  DIRECTEMENT  VERS  LES 
THYXTRES  D* ENGAGEMENTS.  SON  APTITUDE  X  PRATIQUER  DES  TERRAINS  COURTS  ET  SOMMAIRES 
SERA  DONC  UN  CRItYrE  RYDHIBITOIRE. 

D)  L'ABSOLUE  nYcESSITY  DES  MOYENS  DE  TRANSMISSIONS  NON  PLUS  SEULEMENT  ADAPTYs  AU  THYATRE 
(NIVEAU  TACTIQUE)  MAIS,  ET  C'EST  NOUVEAU,  PERMETTANT  LE  DIALOGUE  DIRECT  ET  DISCRET 
AU  NIVEAU  OPYrATIF.  CET  ASPECT  EST  AUJOURD'HUl  X  L'YTUDE. 

E)  L'ADAPTATION  INYviTABLE  DES  NOYENS  DE  RECUE I L  DU  RENSE I 6NENENT  MATS  POUR  LESQUELS 
LES  REMYDES  ADOPTYs  NE  FONT  PAS  L'OBJET  DE  CETTE  YTUDE. 

f)  L'YvOLUTION  INDISPENSABLE  DES  NODES  D'ACTION  NOTAMMENT  EN  MATlYRE  DE  VOLS  TACTIQUES, 
LARGAGES  OU  POSERS  D'ASSAUT  DE  NUIT.  LES  TECHNIQUES  NYCESSAIRES  POUR  Y  PARVENIR 
SONT  MAINTENANT  AU  POINT  ET  INTYGRALEMENT  PRISES  EN  COMPTE  POUR  LA  CONCEPTION  DE 
L* AVION  DE  TRANSPORT  FUTUR. 

G)  L'APPARITION  D'UNE  MISSION  NOUVELLE  ET  INDISPENSABLE  AU  PROFIT  DES  AVIONS  DE  CHASSE! 
LE  RAVITAILLEMENT  EN  VOL  NOTAMMENT  EN  BASSE  ALTITUDE.  LES  C160  NG  (NOUVELLE 
GYNYRATION)  SONT  AUJOURD'HUl  APTES  AU  RAVITAILLEMENT  DE  TOUT  AVION  DE  COMBAT  DE 
L'ARMYE  FRANSAISE  ET  L'AVION  DE  TRANSPORT  FUTUR  LE  SERA. 

h)  Le  dYveloppement  des  moyens  nYcessaires  pour  AFFRONTER  LA  MENACE  sol-air.  Il  s'agit 
BIEN  YVIDEMMENT  DE  MOYENS  DE  DYTECTION  QU'lL  EST  INUTILE  ICI  DE  DYTA1LLER  ET  DE 
LEURRAGE  ACTUELLEMENT  MIS  AU  POINT  SUR  C160.  PRIS  dYs  LE  STADE  DE  LA  CONCEPTION 
SUR  L'AVION  DE  TRANSPORT  FUTUR  ILS  SERONT  DAVANTAGE  INTYsrYs  QU'lLS  NE  LE  SONT 
AUJOURD'HUl. 

i)  Au  Tchad  aussi  ont  YtY  validYs  tous  les  critYres  prYcYdemment  dYfinis  en  matiYre 
DE  POLYVALENCE  ET  O'ENTRAINEMENT  DES  YflUIP/ftES  MAIS  AUSSI  EN  TERMES  DE  COMPLYMENTARITY 
DE  LA  FLOTTE  AYRIENNE,  D'AUTONOMIE  ET  DE  PtYciSION  DES  MOYENS  DE  NAVIGATION.  IL 
EN  EST  UN  NOUVEAU,  DU  MOINS  PEU  YVOQUY  ENCORE  X  CE  JOUR  POUR  LES  AVIONS  DE  TRANSPORT: 
les  systYmes  de  prYparatiohs  DE  MISSIONS.  Ils  DEVIENNENT  impYratifs  dYs  LORS  QUE 
LE  FACTEUR  RAPIDITY  D' INTERVENTION  CONDITIONNE  LA  RYUSSITE  POLITIQUE  DE  L'ENTREPRISE. 
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Le  COTAN  travaille  X  l'heure  actuelle  sur  DE  TELS  SYST&MES  ceci  en  coherence 
COMPLETE  AVEC  UN  VASTE  PROGRAMME,  AUJOURD'HUl  FINANCE,  DE  RENOVATION  DE  SES  C160 
Trams all. 

TELLES  SONT  DONC  LES  REFLEXIONS  ACTUELLES  DE  L'ArmEe  DE  L'AIR  FRAN5AISE  QU'lL 
CONVIENT  MAINTENANT  DE  PROJETER  DANS  LE  FUTUR.  C'FST  L'OBJET  DE  CETTE  TROISlfeME  ET 
DERNlfeRE  PART1E. 


3.  DERAIN  :  L'AVION  DE  TRANSPORT  FUTUR  2003 
3,1.  PrEambule 

Le  besoin  initial  de  cet  avion  Etait  exprimE  pour  1995  mais  les  nombreuses 

CONTRAINTES  EVOOUEES  PLUS  HAUT  ONT  CONDUIT  X  REPOUSSER  CE  PROGRAMME  AU'DElX  DE  L'AN 
2000  TOUT  EN  ASSURANT  LA  SURVIE  DES  TRANSALL  DE  PREMI&RE  GENERATION  EN  COHERENCE  AVEC 
LES  NOUVEAUX  OBJECT IFS  FIXES. 

Quoiqu'il  EN  SOIT  LEUR  REMPLACEMENT  EST  INELUCTABLE  ET,  jfes  X  PRESENT,  le 
CoMMANDEMENT  DU  TRANSPORT  aErIEN  MILITAIRE  A  DEFINI  CE  QUE  DEVRAIENT  £TRE  LES  PRINCIPALES 
CARACiErISTIQUES  DE  L'AVION  DE  TRANSPORT  FUTUR  (A.T.F.). 

Il  A  PRECISE  NOTAMMENT  LES  DIMENSIONS  IDEALES  DE  LA  SOUTE,  LE  NOMBRE  ET  LA 
NATURE  DES  VECTEURS  A  METTRE  EN  LIGNE  POUR  QUE  SOIENT  SATISFAITS  LES  BESOINS  GLOBAUX 

de  la  France  en  termes  de  capacitE  de  transport  aerien  militaire. 

Mais  ce  travail  n'a  pas  EtE  ElaborE  isolEment.  Il  est  le  fruit  d'une 

COLLABORATION  EtROITE  AU  NIVEAU  INTERARmEES  ET  LES  PRINCIPALES  CONCLUSIONS  DU  GROUPE 
DE  TRAVAIL  CONSTITUE  X  CET  EFFET  SONT  DONNEES  CI"APREs. 

3,2  HEthode 

-  La  demarche  adopte'e  a  EtE  la  suivante  :  caractEriser  les  dimensions  de  l'A.T.F.  X 

PARTIR  DE  DIVERS  SCENARIOS  DONT  LE  REGROUPEMENT  EN  CONCEPTS  PERMETTRAIT  D'EN  EVALUER 
LE  NOMBRE  INDISPENSABLE  A  ACQUERIR. 

-  L'ELABOMTION  DES  SCENARIOS  A  ETE  LE  FRUIT  DU  REGROUPEMENT  DE  DIVERS  PARAMETRES  DE 
SITUATION  EN  CINQ  FAMILLES  :  THEATRE  d' INTERVENTION  (PAR  EXEMPLE  LA  FRANCE  OU 
L'OUTREMER,  ETC.),  CONTEXTE  (NEUTRE  OU  HOSTILE),  MISSIONS  (ENGAGEMENT,  SOUTIEN, 
SPEciALE, ...),  PROF  I L  (BASSE  ALTITUDE,  HAUTE  ALTITUDE)  ET  OBJECT  IF  (PARACHUTAGE, 
ATTERRISSAGE),  CHACUN  DES  PARAmEtRES  RETENU  COMPARE  A  TOUS  LES  AUTRES  PERMETTANT 
DE  DEGAGER  DES  SCHEMAS  TYPES  DE  MISSIONS  SELON  LA  VRAI SEMBLANCE  DE  LEUR  OCCURRENCE. 
AlNSI,  NE  SAURAIT  iTRE  RETENU  LE  LARGAGE  TrEs  GRANDE  HAUTEUR  A  L'OCCASION  D'EVACUATION 
SANITAIRE  EN  FRANCE  !... 

-  UN  CERTAIN  NOMBRE  DE  SCENARIOS  (11)  ONT  AINSI  EtE  VALIDES  PAR  THEATRE,  COMME 
l'engagement  d'une  grande  unitE  terrestre  en  Europe  ou  l'evacuation  de  ressorti sants 

FRANSA1S  D'UN  PAYS  AMI. 

Replaces  dans  des  situations  stratEgiques  (ou  concepts  d'engagement)  dEfinies  au 

NOMBRE  DE  5  (EX  :  ASSISTANCE  OPERATIONNELLE  A  UN  PAYS  AMI ),  LEUR  TAUX  DE  VRAI SEMBLANCE 

a  pu  Itre  EvaluE.  (Par  exemple,  le  "redEploiement  de  sOretE  initiale*  (scenario) 

N'EST  PAS  VRAISEMBLABLE  DANS  LE  CONCEPT  "ASSISTANCE  OPERATIONNELLE  A  UN  PAYS  AMl") . 

De  la  ont  EtE  repertories  les  matEriels  ET  personnels  a  transporter  pour  chaque  type 

d' INTERVENTION  ET  dEfINIS,  EN  FONCTION  DES  CARACTERISTIQUES  SpEcIFIQUES  DES  MISSIONS 
A  EXECUTER,  TROIS  TYPES  DE  CARGOS,  ATF0,  ATF1,  ATF2  POSSIBLES. 
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-  A  PARTI R  DE.CES  -HYPOTHESES,  CONCEPT  PAR  *  tiONCEPT,  II-  A  FALLU  CALCULER  LA  TAILLE  DE 
LA  FLOTTE  X  PWSVOJR.  TOUTRFOIS  DES  AMEnAMMENTS  TENANT  COMPTE  DES  DIFFErENTSS 
CONTRA1NTES,  POLITIQUES  ET  ECONOMIES  NOTAI#*NT,  ONT  EtE  APPORTEs  (AINSI  DEUX  CONCEPTS 
NE  PEUVENT  §TRE  JOUES  SIMULTANEmENT)  J  1L  EN  EST  RESSORTI  QUE  LA  FLOTTE  DE  REFERENCE 
ETAIT  CELLE  CORRESPONDANT  AU  CONCEPT  LE  PLUS  PENAL 1  SANT.  En  OUTRE  LA  PARTICIPATION 
DE  6RDS  PORTEURS  DE  LA  CLASSE  C17  A  EtE  ENVISAGE. 


FlNALEMENT,  L'ETUDE  A  dEbOUChE  SUR  UNE  FLOTTE  SOUHAITABLE,  EN  2010  D'ENVIRON  80  ATF, 
4  A340  et  6  C17,  cet  A.T.F.  offrant  une  soute  large  d'au  moins  4M  et  haute  de  3,55M. 

Les  caractEristiques  principales  de  cet  aEronef  rEsideront  dans  ses  grandes  capacities 

TACTIOUES  TOUT  TEMPS  i  CAPABLE  D'lNTERVENIR  V1TE  ET  LOIN,  D'OPERER  EN  AUTONOMIE  SUR 
DES  TERRAINS  DE  1000M,  SOMMAIREMENT  AMENAGEs,  SUSCEPTIBLE  D'UTILISER  TOUS  LES  MODES 
D'ACTION  CONNUS  X  CE  JOUR,  EN  TOUTE  SECURITY,  ET  DE  s'ADAPTER  AISEmENT  AUX 
DEVELOPPEMENTS  DE  TECHNIQUES  NOUVELLES,  IL  SERA  LE  REFLET  EXACT  DE  TOUTES  LES  LESONS 
APPRISES  SOUS  TOUS  LES  CIEUX  ET  SUR  TOUS  LES  TERRAINS  PAR  LE  TRANSPORT  ADRIEN  MILITAIRE 
FRANSAIS. 


CONCLUSION 

CE  SONT  LES  CONFLITS  DANS  LESQUELS  LA  FRANCE  S'EST  ENGAgEe  APRES  GUERRE  QUI 
ONT  PERMIS  D'ARRETER  LES  CONCEPTS  D'EMPLOI  D'UNE  AVIATION  DE  TRANSPORT  MILITAIRE,, 
CONCEPTS  AYANT  A  LEUR  TOUR  ENTRAINE  LA  DEFINITION  DES  CRITERES  IMPErATIFS  DEVANT 
INTERVENIR  DANS  LA  CONCEPTION  D'AVIONS  FUTURS, 

DeJA  LARGEMENT  VALIDES  SUR  C160  Tf!ANSALL  ILS  E'VOLUENT  NE'ANMOINS  EN  MEME  TEMPS 
QU'EVOLUENT  LA  NATURE  ET  LE  VOLUME  DES  INTERVENTIONS  MENE'ES,  ELLES-MiMES  DECOULANT 
DE  L'ACCROISSEMENT  DES  MENACES  RENCONTRES. 

PLUSIEURS  d'ENTRE’EUX  ONT  dEJA  ETE  PRIS  EN  CONSIDERATION,  SUR  LA  RELANCE  DES 
Transall  EN  1980  ET  LA  RENOVATION  AMORcEe  POUR  1992.  Mais  CERTAINS  ne  sauraient  l'etre 
QUE  DANS  L' AVENIR  i  ILS  DIMENSIONNENT  A  LA  FOIS  l' AVION  FUTUR  EN  TERMES  DE  CAPACITIES 
ET  PERFORMANCES  MAIS  AUSSI  LA  FLOTTE  FUTURE  EN  TERMES  DE  COMPLEMENTARITY  ET  DE  QUANTITY. 

AlNSI,  AU  STADE  ACTUEL  DES  REFLEXIONS  DU  CO.T.A.M,  ET  A  L'HORIZON  2010,  LE 
PARC  AVIONS  DU  TRANSPORT  AERIEN  MILITAIRE  FRAN9AIS  DEVRAIT  SE  SITUER  AUTOUR  DE  80  ATF, 

4  a  6  C17  et  4  A340  Militarises. 

Les  caractEristiques  essentielles  de  cet  A.T.F.  seront  : 

-  Sa  SOUTE  QUI  DEVRA  PRESENTER  UNE  HAUTEUR  MINIMALE  DE  4M  ET  UNE  LARGEUR  MIN  I MALE  DE 
4M  BIEN  SUPER  I EURE S  AUX  DIMENSIONS  ACTUELLES  DES  C160  ET  C130. 

-  Ses  GRANDES  CAPACITES  TACTIOUES  TOUT  TEMPS  ALLISES  A  SON  RAYON  D'ACTION  IMPORTANT. 

-  Son  INTEROPERABILITY  DES  LORS  QUE  CET  AVION  NE  VERRA  LE  JOUR  QU'EN  COOPERATION 
EUROPEENNE  POUR  LE  MOINS,  AMERICANO  "  EUROPEENNE  POUR  LE  MIEUX. 
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RECENT  IMPROVEMENTS  TO  THE  RAF  AIR  TRANSPORT  FORCE 


AD-P006  244 


Ur  DMathMoah 
Joint  Air  T:  . import  EsttbEthment 
Brize  Norton,  Cutenon,  Oxford  0X8  3LX 
United  Kingdom 


1.  This  paper  will  describe  the  most  significant  improvement  to  the  United 
Kingdom  s  Military  Air  Transport  Force  in  recent  years.  That  is  the 
procurement  of  the  Lockheed  L101 1  Tristar  aircraft  into  RAF  service.  The 
reasons  behind  the  introduction  of  the  Tristar,  and  its  subsequent 
modification  into  three  veiy  capable  tanker,  freighter  and  passenger  carryin 
variants  will  be  outlined.  Moreover,  some  of  the  aircraft's  capabilities  and 
drawbacks  will  be  discussed.  In  addition,  and  with  a  view  to  the  future, 
some  of  the  cost  disadvantages  of  an  aging  air  transport  fleet  will  be 
considered.  Furthermore,  the  RAF  approach  to  considering  a  timescale  for 
the  Introduction  of  a  possible  replacement  transport  aircraft  will  be 


presented.  ^) /fc  A CU,\cu* 
LOCKHEED  TRISTAR 
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2.  Background.  Up  until  1982,  It  had  been  envisaged  that  the  United 
Kingdom's  Air  to  Air  Refuelling  (AAR)  tanker  fleet  would  comprise  the  'Victor 
K2  la  converted  bomber  aircraft)  and  the  VC  10  K.  These  aircraft  were 
planned  to  serve  up  until  the  end  of  the  century,  when  a  new  multi-role 
tanker/ transport  aircraft  could  assume  the  role.  However,  the  Falklands 
Campaign  of  1982,  which  relied  heavily  on  the  RAF  transport  and  tanker 
assets,  rapidly  used  up  much  of  the  Victor  K2  remaining  fatigue  life. 

In  addition,  the  conflict  also  established  a  long  term  demand  for  more 
transport/tanker  capacity,  for  the  long  range  intervention  or  reinforcement 
roles.  In  1982.  one  short  term  measure  to  augment  the  AAR  Force  was  to 
convert  6  Cl 30  aircraft  to  single  point  tankers.  For  the  longer  term,  it  was 
decided  that  a  new  aircraft,  similar  to  the  USAF  KC10,  had  to  be  procured. 

3.  Procurement.  Late  in  1982,  due  to  a  slump  in  the  civil  air  transport 
industry,  there  were  many  cheap  surplus  airliners  on  the  commercial 
market  Two  groups  of  aircraft  were  identified  as  being  suitable  for  the  RAF 
needs,  the  DC  10  (ex  bankrupt  Laker  airways)  and  the  iristar  (ex  British 
Airways  and  Pan  Am  surplus  aircraft).  Both  aircraft  types  were  studied,  and 
although  it  might  have  been  supposed  that  the  existence  of  the  KC10  tanker 
derivative  of  the  DC  10  would  have  given  that  type  the  edge,  there  would  In 
fact  have  been  little  read  across  to  tne  civil  aircraft  conversion.  Eventually, 
the  Tristar  emerged  as  the  most  suitable  aircraft  for  the  RAFs  planned 
conversion.  Six  ex  British  airways,  and  three  ex  Pan  Am  aircraft  were 
purchased  in  1983/84,  giving  the  RAF  a  fleet  of  9  relatively  lew  hour  wide 
bodied  aircraft. 

4.  Required  Aircraft  Roles.  Although  it  was  the  need  to  augment  the  RAP's 

Tanker  Force  that  initially  drove  the  acquisition  of  the  Tristar,  the  aircraft 
- -  -  freigfr  - - 


are  also  required  as  freighters  and  passenger  carriers. 

5.  Aircraft  Variants.  The  Tristar  modification  programme,  carried  out  by 
Marshalls  of  Cambridge  Engineering,  is  approaching  completion  and 
has  resulted  in  the  three  variants  described  in  table  1 
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TABLE  1 

No  of  A/C  RAF  Desig 

2K  Mk  1 


4  KCMk  1 


3  C  MK  2  (K) 


Modifications 
AAR  probe  fitted. 

Additional  fuel  tanks  fitted  Into  the 
underfloor  freight  holds. 

Forward  main  cabin  fitted  with  a 
freight  floor,  for  baggage  stowage. 
Centre  line  mounted  twin  AAR 
HDUs  fitted. 

AAR  Probe  fitted. 

Additional  fuel  tanks  fitted  Into  the 
underfloor  freight  holds. 

Large  freight  door  fitted  in  fuselage 
side. 

Freight  roller  floor  fitted  In  the 
main  cabin. 

Centre  line  mounted  twin  AAR 
HDUs  fitted. 

AAR  Probe  fitted. 

Basic  airline  configuration  retained, 
but  wing  mounted  AAR  pods  will  be 
fitted,  to  give  away  basic  fuel  only. 


6.  Tanker  Conversion.  The  KMkl  and  KCMkl  tanker  conversion  was 
accomplished  by  the  following  aircraft  modifications: 

a.  Underfloor  Freight  Hold  Tanks.  In  order  to  be  an  effective  AAR 
tanker  aircraft,  additional  fuel  capacity  was  required.  So  it  was 
decided  to  install  fuel  tanks  in  the  underfloor  freight  holds.  Seven  fuel 
cells  were  built  to  the  same  dimensions  as  standard  airline  baggage 
containers,  so  that  they  could  be  Inserted  through  the  edstinghold 
doors.  Into  the  forward  and  aft  holds.  This  provides  the  capacity  for  an 
additional  100.000  lb  (45,500  kg)  of  fuel.  Moreover,  the  aircraft  s 
existing  fuel  system  was  modified,  and  extra  fuel  pumps  fitted,  to  enable 
all  tanks  (in  tne  wings  and  holds)  to  either  give  or  receive  fuel  In  flight. 

b.  Airframe.  Because  the  under -floor  fuel  cells  contain  a  greater 
weight  than  the  holds  original  design  capacity,  the  compartment 
floors  had  to  be  strengthened,  and  frame  reinforcing  straps  fitted 
externally. 

c.  Hose  Drum  Units.  Two  Flight  Refuelling  Hose  Drum  Units  (HDU) 
have  been  fitted  Into  the  rear  of  the  aft  freight  hold.  Only  one  HDU  can 
be  deployed  at  a  time,  but  two  units  provide  for  redundancy.  A  new 
pressure  bulkhead  had  to  be  built  around  the  HDUs,  as  these  units 
mnction  unpressurised.  Each  HDU  is  capable  of  deploying  up  to  70  ft 
(21.3  m)  of  nose,  and  can  deliver  fuel  at  a  rate  In  excess  of  4000  lb  per 
minute. 
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d.  Flight  Deck.  The  bulkhead  at  the  rear  of  the  flight  deck  had  to  be 
moved  16  in  (0.4  m)  aft  to  aecomxnodate  an  enlarged  flight  engineers 
panel,  from  where  fuel  dispensing  operations  are  controlled.  A  closed 
circuit  TV  system  is  provided  for  the  flight  engineer  to  monitor  the 
receiver  aircraft's  progress. 

e.  AAR  Probe.  For  maximum  flexibility,  all  9  aircraft  were  fitted  with 
refuelling  probes.  The  probe  is  mounted  above  the  flight  deck,  offset  to 
the  right,  above  the  co-pilot's  seat.  The  fuel  is  routed  into  the  aircraft  aft 
of  the  flight  deck,  and  connects  with  the  aircraft  fuel  system  In  the  mid¬ 
section.  The  probe  is  declined  7*  below  the  aircraft’s  datum  to  allow  for 
the  nose  up  attitude  experienced  at  typical  refuelling  speeds. 


TWIN  HOSE 
DRUM  UNITS 


FWD  HOLD 
59,000lbs/26,750k 


AFT  HOLD 
41  .OOObs/18, 7000kg 


TOTAL  ADDITIONAL  FUEL  :  1 000, 000lbS/45, 4000kg 
TOTAL  FUEL  LOAD  INC  WINGS  213,240lbs/96,7000kg 


Fig  1  illustrates  the  location  of  the  underfloor  fuel  tanks  and  Hose  Drum 
Units: 


7.  Aircraft  Drag.  Overall,  the  external  modifications  increase  the  aircraft's 
drag  by  7%  at  cruise  speed.  Half  of  this  additional  drag  derives  from  the 
probe.  Therefore,  and  if  required,  the  probe  can  be  removed  and  replaced  by 
a  flush  fitting  blanking  plate. 

8.  Cabin  Configurations.  Each  of  the  three  Tristar  variants  has  a  different 
cabin  configuration  as  follows: 

a.  K  Mis  1-  This  variant  retains  204  of  the  original  airline  seats  in  the 
centre  and  aft  sections  of  the  main  cabin.  In  a  3-4-3  fit.  Because  the 
freight  hold  now  contains  fuel,  provision  Is  made  for  passenger  baggage 
in  the  forward  cabin.  The  baggage  is  put  in  specially  designed 
containers  which  are  loaded  through  the  mid-  section  passenger  door. 
The  freight  section  of  the  cabin  has  a  roller  floor,  and  a  removable  ball 
mat  can  be  fitted  inside  the  door  to  assist  container  loading.  The  total 
baggage  capacity  is  25000  lb  (1 1365  kg)  in  33  containers. 
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b.  K£  Wi  !•  This  freighter  variant  is  fitted  with  a  large  cargo  door  in 
the  upper  leu  side  of  the  fuselage,  which  provides  a  clear  opening  of  140 
by  102  Inches  (3.56  m  by  2.59  n)  above  the  cabin  floor  level,  when  the 
door  is  raised.  The  door  is  operated  by  hydraulic  powered  Jacks,  which 
are  independent  of  the  aircraft's  other  hydraulic  systems,  with  a  back  up 
manual  pump.  The  modification  to  install  the  cargo  door  was  complex 
and  involved  cutting  out  a  large  section  of  the  fuselage  side,  after 
considerable  lntemalligging  had  been  fitted  to  ensure  that  the  original 
shape  was  retained.  Then  the  door  frame,  or  module,  which  Included  the 
door  aperture,  hatches,  operating  jacks  and  hydraulic  pump,  was  grafted 
on  to  the  fuselage.  Furthermore,  the  cabin  floor  was  substantially 
strengthened  and  fitted  with  roller  conveyor,  in  order  to  accept  pallets  of 
up  to  10.000  lb  (4545  kg)  each,  in  the  heavy  duty  central  section.  A  ball 
mat  is  fitted  adjacent  to  the  cargo  door  to  assist  the  manoeuvring  of 
large  loads  through  the  aperture.  A  total  of  20  standard  108  by  88  inch 
(2.74  by  2.24  m)  pallets  can  be  carried,  with  a  maximum  payload 
capacity  of  95000  lb  (43000  kg).  Four  internal  winches  are  provided  to 
assist  the  onloading  and  positioning  of  freight.  The  flexibility  to  revert  to 
the  passenger  role  is  retained  by  having  custom  builtpallets  fitted  with 
passenger  seats,  galleys  or  aeromedlcal  equipment.  Tne  role  changing  of 
this  variant  is,  therefore,  simple  and  permits  variable  ratios  of 

Eassengers  and  freight.  A  maximum  number  of  194  palletized  seats  can 
e  fitted.  9  abreast,  which  leaves  3  pallets  available  for  passenger 
baggage.  In  this  role,  passenger  emergency  oxygen  systems  are  fitted  in 
the  seats,  as  the  airline  overhead  luggage  bins  have  been  removed  to 
provide  more  freight  space.  In  order  to  provide  crew  crash  protection 
when  carrying  freight,  a  heavy  duty  restraint  net  is  fitted  at  the  forward 
end  of  the  cabin. 

TRISTAR  KC  Mkl 


Fig  2  illustrates  some  of  the  structural  modifications  to  the  KCMk 


c.  C  Mk  2  (K).  The  3  aircraft  of  this  variant  will  essentially  remain  in 
the  airline  passenger  fit,  with  no  additional  fuel  tankage.  However,  they 
will  be  fitted  with  wing  mounted  AAR  pods  to  enable  the  aircraft  to  give 
away  a  proportion  of  Its  basic  wing  fuel. 

9.  Aircraft  Performance.  The  Tristar  In  RAF  service  has  a  maximum  all  up 
weight  (AUW)  of  540,000  lb  (244,950  kg),  compared  with  the  504,000  lb 
(228,615  kg)  of  the  standard  airline  version.  This  AUW  increase  does  not 
derive  from  any  structural  modifications,  but  is  accomplished  by  reducing 
the  ln-fllght  O  limit  from  2.5  Q  to  2.0  Q,  and  is  required  to  permit  the 
aircraft  to  operate  with  its  full  fuel  load.  The  penalty  for  operating  at  the 
higher  gross  weight,  is  that  the  balanced  field  take  off  distance  required  is 
increased  from  9300  ft  (2836  m)  to  10000  ft  (3050  m).  Therefore,  there  are 
relatively  few  military  airfields  in  Europe  where  a  fully  laden  Txlstar  could 
take-off.  However,  tne  aircraft  will  operate  at  lower  weights  from  smaller 
airfields,  and  then  top  up  as  required,  using  the  Tristars  own  refuelling 
probe.  As  a  passenger  or  freight  carrying  aircraft,  the  underfloor  fuel  tanks 
will  normally  remain  empty,  and  operate  at  weights  up  to  510,000  lb 
(321,330  kg?.  With  a  payload  of  95,000  lb  (43tQ92  kg),  and  using  wing  fuel 
only,  the  Tristar  has  a  range  of  4,200  mm  (7,780  km).  The  aircraft  has  a 
relatively  high  long  range  cruise  speed  of  MO.83,  and  a  normal  cruise  speed 
of  MO.85.  However,  these  speeds  are  reduced  when  operating  above  the 
normal  504,000  lb  (228,615  kg)  AUW.  When  In  the  tanker  role,  the  Tristar 
can  refuel  aircraft  over  a  speed  range  of  180  -  320  kts  IAS/MO.84.  at 
altitudes  up  to  35,000  ft.  Moreover,  it  has  124,000  lb  (56,266  kg)  of  fuel 
available  for  offload  at  a  range  of  2,300  mm  (4.260  km)  from  base. 

10.  Operating  Problems.  Generally,  all  the  Tristar  variants  have  proved  to 
be  valuable  and  flexible  air  transport  aircraft.  However,  several  problems 
have  been  encountered  In  service,  some  were  foreseen,  some  not.  Most  of 
the  drawbacks  derive  from  the  basic  design  of  modern  wide  bodied  jets.  As  a 
tanker,  the  Tristar  clearly  has  a  large  amount  of  fuel  available  for  offload. 
However,  at  present  none  of  the  aircraft  are  yet  fitted  with  the  planned  wing 
AAR  pods. The  delay  in  this,  the  final  stage  in  the  Tristar  modification 
programme,  is  due  to  a  temporary  incompatibility  between  the  AAR  pod  and 
the  planned  wing  mounting  point.  So  for  the  Immediate  future,  the  Tristar 
will  remain  a  single  point  tanker,  which  can  cause  delays  when  large 
numbers  of  fighter  aircraft  are  queuing  up  to  be  refuelled.  The  Tristar  can 
refuel  all  RAF  AAR  capable  aircraft,  however,  some  difficulties  have  been 
encountered  by  C 130  receiver  aircraft.  At  the  relatively  low  C 130  refuelling 
speed  of  200  kts,  the  Tristar  produces  a  large  downwash  which  deflects  the 
C130  2*  down.  Therefore,  for  a  C130  to  onload  a  typical  30,000  lb  (13.636 
kg)  of  fuel,  the  refuelling  formation  has  to  enter  a  toboggan  manoeuvre  from 
25,000  ft  to  8,000  ft.  The  Tristar  is  limited  to  operating  from  major  air  bases 
due  to  the  high  pavement  strength  required  for  runways  and  taxlways.  and 
the  large  amount  of  ground  loading  equipment  required  to  raise  freight  15  ft 
(4.57  m)  to  the  cargo  floor.  This  latter  drawback  could  be  solved  by  fitting  an 
internal  cargo  loading  gantry,  which  is  under  consideration. 


FUTURE  AIR  TRANSPORT  AIRCRAFT 

1 1,  RafittfmnnH  One  problem  which  will  be  encountered  by  most  of  the 
NATO  air  forces.  Is  that  of  aging  air  transport  aircraft.  The  RAF  C130  and 
VC10  transport  fleets  are  approaching  25  years  of  age.  Although  these 
aircraft  h««  flown  fewer  hours  and  cycles  ftaan  their  civilian  counterparts, 
metal  fatigue  and  corrosion  are  problems  of  accelerating  importance. 

The  present  aircraft  could  be  kept  in  service  for  perhaps  a  further  25  years, 
but  at  an  ever  increasing  cost.  Clearly,  it  will  be  economic  to  replace  these 
aircraft  when  the  cost  of  running  the  present  fleet  exceeds  the  cost  of 
purchasing,  maintaining;  and  operating  new  aircraft.  Therefore,  the  RAF 
has  instigated  a  'Cost  of  Ownership  Study',  which  will  estimate  the  cost  of 
maintaining  the  viability  of  the  C130  and  VC10  fleets  for  a  further  25  years. 
The  cost  advantages  accruing  from  purchasing  new  aircraft  derive  from  the 
following  savings: 

a.  Fewer  Aircraft  Required.  Fewer  of  the  next  generation  of  transport 
aircraft  can  provide  the  same  airlift  capability  as  existing  large  fleets,  as 
they  will  have  superior  performance  and  possibly  larger  freight 
compartment  dimensions.  New  construction  methods  and  increased 
component  reliability  mean  that  new  aircraft  will  spend  less  time  under 
maintenance,  whilst  the  present  aircraft  will  need  increasingly  more 
refurbishment. 

b.  Reduced  Manpower.  Future  aircraft  would  reduce  manpower 
requirements;  fewer  numbers  of  more  serviceable  aircraft  will 
substantially  reduce  the  number  of  ground  personnel  needed.  Moreover, 
the  new  aircraft  are  likely  to  be  crewed  by  only  2  pilots  and  one 
loadmaster,  so  fewer  aircrew  will  be  required.  However,  for  some  roles,  it 
may  be  an  advantage  to  retain  a  small  number  of  navigators. 

c.  Reduced  Operating  costs.  The  annual  operating  costs  for  a  fleet  of 
new  aircraft,  with  an  equal  airlift  capability  to  the  present  fleet,  will  be 
substantially  lower  due  to  better  aircraft  performance,  fuel  efficiency  and 
manpower  savings. 

12.  Timing  of  Fleet  Replacement.  The  timescale  for  the  replacement  of  the 
present  air  transport  fleet  is  as  yet  not  determined,  as  the  results  of  the  'Cost 
of  Ownership  Study'  are  yet  to  be  analysed.  However,  there  are  other 
pertinent  factors  such  as  changing  defence  requirements  and  budget 
constraints.  For  Instance,  If  a  smaller  transport  fleet  is  called  for,  then  the 
existing  aircraft  could  possibly  be  made  to  serve  longer.  On  the  other  hand, 
if  the  present  capability  is  to  be  maintained,  replacement  aircraft  would  be 
needed  earlier. 


13.  Ulceiv  Replacement  Aircraft.  When  the  timescale  for  the  replacement  of 
the  current  RAF  transport  fleet  is  fixed,  the  new  aircraft  will  be  selected  on  a 
cost  effective  basis  from  the  available  contenders.  Possible  replacement 
aircraft  include  the  following: 

a.  C130  si.  The  J  model  C 130  is  a  relatively  straightforward  update  of 
the  well  proven  C130  E/H.  It  is  forecast  to  be  available  at  comparatively 
low  unit  cost.  The  advantage  of  the  Cl 30  J  is  that  it  has  an  Improved 
payload /range  capability,  better  short  field  performance,  and  should  be 
available  within  the  next  6  years.  However,  the  J  model  will  have  the 
same  load  limiting  freight  bay  cross  section  of  the  present  C130. 
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b.  BUROFLAG.  The  Europea] 
superior  airlift,  capability  to  the 
date  of  this  aircraft  is  likely  to  i 


European  Future  Large  Aircraft  promises  a 
'  the  C130  J.  However,  the  earliest  in  service 
be  into  the  next  century,  and  at  a 

relatively  high  unit  cost. 


c.  Advanced  Tactical  Afriifter.  Various  large  US  aircraft  manufacturers 
have  proposed  designs  for  a  new  “Super -SrOL"  advanced  tactical 
transport  aircraft.  These  designs  are  still  In  the  concept  stage,  however, 
the  aircraft  Is  forecast  to  have  a  superior  capability  to  the  CI30  and.  if 
the  USAF  support  the  programme,  a  relatively  low  unit  cost. 


C.QMCLUSIQM 


14.  The  procurement  of  the  Lockheed  Tristar  into  RAF  service,  and  Its 
subsequent  modification  into  an  AAR  tanker  and  an  extremely  capable 
freight  carrying  aircraft  has  been  relatively  straightforward.  Moreover,  by 
maintaining  a  range  of  three  variants,  ana  the  ability  to  re -role  the  freighters 
into  passenger  carriers,  the  fleet  is  proving  to  be  a  flexible  asset  to  the  RAF 
air  transport  force.  The  aircraft  are  very  cost  effective,  by  virtue  of  the  fact 
that  at  the  time  of  purchase,  surplus  airliner  prices  were  depressed.  The 
limitations  of  the  large  wide  bodied  aircraft  design  have  caused  some 
problems,  such  as  the  amount  of  ground  handling  facilities  required,  and 
airfield  pavement  limitations.  However,  as  a  strategic  air  transport  and  AAR 
tanker  aircraft,  the  Tristar  has  proved  a  success. 


15.  The  RAF.  along  with  many  other  air  forces,  is  facing  the  problem  of  an 
aging  air  transport  fleet,  with  Its  C130  and  VC  10  aircraft  nearly  25  years 
old.  At  present  a  cost  analysis  is  being  conducted  to  decide  a  timescale  for 
the  introduction  of  a  new  transport  aircraft.  When  the  time  for  a 
replacement  is  determined,  the  most  cost  effective  aircraft  will  be  selected 
from  the  available  options. 


AD-P006  245 


C-130  ELECTRONIC  COCKPIT 
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I  Beedauartern  Military  Airlift  command  (MAC) 
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RY.  The  Reliability  and  Raintainabllity  Technology  insertion 
Program  (SAMTIP)  is  steed  at  accelerating  nee  technologies  fros  the 
laboratory  and  applying  the*  to  Air  force  weapon  eyeless  in  an  effort 
to  throve  reliability  and  maintainability  (RAM).  This  KANT  IP 
project  will  replace  anew  slaty  analog  type  cockpit  instruments  in  a 
Military  Airlift  Command  (RAC)  C-130R  with  sis  liquid  crystal  flat 
panel  displays.  > five  displays  will  be  installed  on  the 
pilot's/copilot's  instrument  panel  with  a  siath  display  installed  at 
the  navigator's  station.  Designed  in  the  mld-1950's,  the  C-130  has 
remained  highly  cost  effective  to  procure  and  operate.  This  is  due 
largely  to  the  simplicity  of  its  systems  and  the  fact  that  its  design 
and  tooling  costs  have  long  since  been  amortised.  The  aircraft 
performs  a  diversity  of  missions  quite  well,  but  the  repairing  and 
stocking  of  obsolete  analog  type  instruments  has  become  logietically 
difficult  and  costly.  The  purpose  of  this  project  iu  to  demonstrate 
the  operational  effectiveness  and  suitability  of  active  matrix  liquid 
crystal  flat  panel  displays  in  the  C-130  and  to  validate  the 
projected  Ram  improvement!  of  this  technology  over  electromechanical 
analog  Instruments  mnd  cathode  ray  tubes  (CRT).  Although  work  Is 
still  in  progress  on  this  project,  the  successful  developamnt  and 
integration  of  thia  technology  offers  significant  potential 
iaprovement  in  Ran,  redundancy  with  graceful  degradation,  and 
enhanced  operational  effectiveness.  Once  proven,  this  technology  can 
be  applied  to  a  wide  variety  of  other  aircraft  throughout  the  Air 
force  inventory  and  other  Department  of  Defense  services,  as  well  aa 
that  of  the  commercial  aircraft  industry.. 


BACKCROmiD. 


Coe  fa  ,  —  |  iLdxCC*'  t-’f'f  , 


dS)*~{]eA  -h  (SVvul  po  Y  Y  (X i,\c  to 

J  A  1.  ' 


C-130  Aircraft.  The  C-i30  has  achieved  worldwide  recognition  as  a  cost-effective, 
reliable  airlifter.  It  is  operated  extensively  by  the  U.S.  Armed  Forces,  as  well  as  same 
63  foreign  countries.  The  current  RAC  C-130  force  is  planned  to  be  the  prixwry  U.S. 
theater  airlift  aircraft  well  into  the  21st  Century.  It  will  be  complemented  by  both  the 
C-1.7  aircraft,  to  be  operational  in  the  aid-1990' s,  and  the  Advanced  Theater  Transport 
I ATT) ,  to  be  Introduced  sometime  after  2009.  The  C-130  has  met  the  airlift  challenge 
since  the  mid-1950s,  even  an  Army  and  Air  Force  demands  t or  tactical  airlift  have  steadily 
increased.  The  majority  of  MAC'b  C-1308a  were  purchased  in  the  early  1960s. 


With  an  average  aircraft  service  life  approaching  25  years,  avionics  systems  in  the 
aging  RAC  fleet  are  becoming  increasingly  difficult  to  maintain  and  expensive  to  operate. 
The  repair  end  stocking  of  obsolete  enelog-type  instruments  particularly  have  become  very 
difficult  and  costly.  Sources  of  repair  parts  and  replacement  systems  are  becoming  scarce 
as  more  manufacturers  leave  the  business  or  change  their  product  lines  to  better  meet  the 
industry's  demands.  This  repair  and  stocking  problem  is  not  unique  to  the  C-130,  but 
exists  on  virtually  all  aircraft  procured  before  the  mid-1970s. 

RARTIP.  BXtTIP  is  a  joint  U.S.  Air  Force  Systems  Command/Air  Force  Logistics  Command 
program  chartered  to  identify  and  accelerate  the  developamnt  and  insertion  of  emerging 
laboratory  technologies,  with  significant  RaR  payoffs,  into  Air  Force  ays terns.  Merging 
technology  may  be  loosely  defined  as  any  technology  ready  for  transition  from  a  laboratory 
environment  into  its  first  application  in  an  Air  Force  system.  Generally,  the  technology 
will  require  further  development  before  it  can  be  impleamnted  into  the  targeted  system. 
The  technology  can  be  targeted  for  any  Air  Force  system  application  (aircraft,  missiles, 
ground  support  equipment,  etc.)  at  any  level  witbln  that  system  (subsystem,  component , 
line  replaceable  unit  (LAO) ,  etc.).  The  technology  must  have  high  payoffs  in  the  RAM  area 
eonsiataat  with  the  U.S.  Air  Force  RAH  2000  goals. 


C-130  Electronic  Cockpit.  Each  yaar,  projects  are  submitted  to  the  RANTIP  office  at 
Wright-Pettereon  Air  Force  Rase,  Ohio,  for  evaluation  and  competition  for  funding.  The 
RAMflP  office  evaluates  ell  proposals,  makes  e  tentative  ranking,  and  .masses  that  ranking 
to  a  General  Officer  Steering  Group  (GOSG)  for  approval.  If  selected  by  the  GOSG,  the 
RANTIF  office  will  fund  developeant  of  a  prototype  system  for  test  and  evaluation  to 
validate  the  RAM  improvements,  end  moat  importantly,  to  reduce  the  risk  to  the 
iapiementirg  eoamnd  of  inserting  that  technology  Into  production  hardware. 


In  November  1967,  BQ  mac  auSxeitted  a  proposal  to  the  RANTIP  office  to  modify  one  C-130 
with  flwe  flet-cmnel  liquid  crystal  displays  (LCD)  as  a  replacement  for  the  analog 
instruments  on  the  pilot's  instrument  panel.  All  the  flight  director  end  engine 
instruments  will  be  displayed  on  these  panels,  offering  qreetly  proved  reliability, 
redundancy,  and  enbaaced  operations.  Figure  1  shows  the  display  configuration.  Shewn  are 
the  pilot  end  copilot  flight  end  navigation  diepleye,  with  the  engine  instrument  display 
located  la  the  canter  of  the  panel.  A  sixth  display  ia  located  at  the  navigator '«* 
station. 
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PIOORB  1.  DISPLAY  CONFIGURATION 


Rach  flat  panel  display  la  predicted  to  have  a  Mean  Time  Between  Failure  (MTBF)  of 
approximately  8,000  hours,  The  present  instruments  show  about  55  hours  Mean  Tiae  Between 
Maintenance,  Inherent  (MTBN1).  The  new  Instrument  suite,  using  the  flat-panel  displays, 
can  be  expected  to  provide  200-300  hours  NTBMI .  Me  use  NT8N1  as  an  operational  measure  of 
■eliabillty,  where  MTBF  Is  a  prediction  baaed  upon  piece  part  reliability,  generally 
demonstrated  In  a  laboratory  environment. 

In  March  1988,  the  MAC  submission  was  approved  by  the  GOSG.  Lockheed  Aeronautical 
Systems  Company  (Georgia)  was  awarded  the  contract  in  Auquat  1988  by  Marner-Robins  Air 
logistics  Center  as  part  of  their  basic  ordering  agreement  with  Lockheed.  Lockheed 
selected  Litton  Systems  Canada  Limited  as  the  supplier  for  the  flat-panel  liquid  crystal 
display.  The  Mright  Research  and  Development  Center's  Cockpit  Integration  Directorate  at 
Nright-Patteraon  Air  Force  Base,  Ohio,  is  providing  the  technical  consultation  on  the 
display  performance  requirements.  This  four-year  effort  has  a  total  projected  cost  of 
approximately  $13  million,  with  funding  provided  by  the  RAMT1P  office. 


HOP  ID  CWY8TAL  DISPLAYS  (LCD), 

Technology.  The  LCD  is  expected  to  provide  us  with  the  next  generation  of  electronic 
displays  Tor  military  aircraft,  succeeding  the  CRT.  LCDs  operate  using  the  unique 
characteristics  of  liquid  crystals.  The  properties  of  liquid  crystals  are  in  between 
those  of  a  crystalline  solid,  whose  properties  vary  with  direction,  and  a  liquid,  whose 
properties  are  the  same  in  all  directions.  The  cigar-shaped  liquid  crystal  molecules, 
known  as  the  twisted  neemtlc  crystal,  possess  the  unique  property  that  when  a  voltage  is 
applied,  they  unwind  and  align  themselves  parallel  to  the  electric  field.  Dsing  optical 
polarising  principles,  the  alignment  of  the  anlecules  either  blocks  light  or  allows  light 
to  pass. 

Thousands  of  these  molecules  are  arranged  vertically  and  horixontally  as  individual 
dots,  called  pixels,  of  liquid  crystals  in  an  X-Y  matrix  pattern  on  glass.  Through 
application  of  appropriate  software,  each  of  these  pixels  can  be  controlled  into  a 
"block*  or  "pass*  mode,  thus  enabling  pictures  of  high  detail  to  be  formed  on  the  glass 
viewing  surface.  A  "backlight*  behind  the  glass  makes  these  images  visible  to  the 
operator  under  high  ambient  light  conditions.  The  LCD  principle  of  operation  is  depicted 
in  Figure  2. 


-■if!*  *r*  ***»9  developed  in  various  sixes.  The  active  display  area  for  the  C-130 
project  is  8.0  x  8.0  inches.  The  pixel  (dot)  arrangement  is  980  x  1,280  pixels. 
T***  electrical  signal  transmitted  from  the  Display  Processor  controls  a  thin  film 
^  *fch.  P1,el-  BY  opening  and  closing  these  switches  via  software 
c?n  Illuminated  to  various  levels,  and  the  nonselected 
ulfh*  u  I*”-*1  <?.rk>  P1**1*  «r*  then  grouped  into  cells  where  each  pixel  is  aligned 

”5.JJ£*r  <redt  blu*' or  9r“n)-  Multlpl* color*  "ith 


LCD  Advantages.  compared  to  CRTs,  LCDs  have  been  described  as  offering  savings  ot 
about  60  percent  in  volume,  70  percent  in  weight,  and  80  percent  in  power.  Nith  increased 
production  capability,  LCD  costs  have  been  estimated  to  be  50  percent  of  the  cost  of  a 
comparable  CRT  with  10  times  the  reliability.  The  shorter  depth  of  the  flat  panel  LCD  is 
e  major  advantage  in  retrofitting  this  technology  to  existing  aircraft  because  of  the 
usual  lack  of  space  behind  the  existing  instrument  panel.  The  larger  depth  of  the  CRT 
makes  it  ooet-prohlbitive  in  many  current  aircraft,  this  being  the  case  with  the  C-130. 
To  retrofit  an  existing  C-130  with  the  CRT  display  would  require  the  entire  instrument 
panel  to  be  moved  aft  to  allow  more  space  behind  the  panel  to  aoco— odate  the  CRT.  This 
would  result  in  the  control  column  also  being  moved  aft,  impacting  the  flight  control 
system  design  and  significantly  increasing  the  cost  of  the  modification. 


L 
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FIGURE  2.  LCD  PRINCIPLE  OP  OPERATION 
(One  Picture  Element  -  Pixel  Is  Shown) 


Another  disadvantage  of  CRTs  ie  the  larger  the  display,  the  d lamer  the  image.  This  is 
because  the  electron  beam  has  to  scan  faster,  and  therefore,  cannot  excite  the  CRT 
phosphors  as  well  as  it  can  when  scanning  aore  r lowly,  as  in  a  smaller  CRT.  The  shadow 
aask  also  absorbs  about  SO  percent  of  the  incident  energy.  In  LCDs,  the  brightness  of  a 
pixel  is  independent  of  the  sise  of  the  display.  Also,  no  horixontal/vertlcal  linearity 
or  focus  adjustments  are  required  in  the  LCD. 


SYSTEM  DESCRIPTION . 

General .  The  graphics  processing  for  the  various  display  formats  and  input  signal 
management  is  performed  by  the  electronic  aodulea  inside  the  Display  Processors.  Two 
l»i splay  Processors  are  used  in  the  system,  each  of  which  can  support  the  six  displays.  A 
total  failure  of  one  Display  Processor  does  not  degrade  the  operation  of  the  system.  A 
design  feature  of  the  displays  is  called  "graceful  degradation."  Instead  of  catastrophic- 
type  failure,  the  display  quality  aay  become  degraded  with  the  failure  of  individual 
pixels  caused  by  electrical  shorts  or  switch  failures.  Individual  pixels  or  lines  of  the 
display  unit  fail,  indicated  by  always-on  or  always-off  dots  on  the  display.  Depending 
upon  the  location  and  groupings  of  the  pixels,  the  display  nay  be  quite  useable  and 
replacement  of  the  display  unit  deferred.  Niniaal  standby  flight  instruments  and  a 
Standby  Engine  Instrument  Display  are  provided  as  safety-of-f light  backup  capability  if 
the  complete  primary  display  system  were  to  fall. 

System  Architecture.  The  system  architecture  is  centered  around  the  Electronic  Plight 
Instrument  System  (KPI8)  NIL-STD-1553B  data  bus,  with  analog  and  ARINC  <29  serial 
interfaces  used  for  redundancy  and  for  minimum  impact  on  the  existing  systems.  The  system 
architecure/inter-face  is  depicted  in  Figure  3. 

To  provide  the  enhanced  navigation  displays  in  the  map  format,  an  interface  to  the 
Self  Contained  Navigation  System  (SCNS)  NIL-STD-1S53B  data  bus  is  used  to  transfer 
navigation  data  to  the  display  system.  The  SCNS  software  was  modified  to  increase  the 
data  rate  for  critical  display  data  from  5  harts  (HI)  to  20  HI.  The  two  Display 
Processors  are  remote  terminals  on  the  SCNS  data  bus  enabling  the  SCNS  to  piovide  the  data 
required  for  the  navigation  displays.  The  SCNS  analog  interface  is  retained  to  support 
(he  autopilot  and  flight  director  operation. 

The  Data  Acquisition  Units  (DAU)  contain  the  signal  conditioning  circuitry  which 
interfaces  with  the  engine  aenaora  to  format  the  data  for  display  of  engine  operating 
information.  The  signals  are  converted  to  digital  form  and  transmitted  over  the  BFIS  data 
bus  to  the  Display  Processors  for  presentation  on  the  display  units.  The  DAUs  are 
arranged  to  provide  operational  redundancy  via  an  ARINC  429  interface  to  the  Standby 
Engine  Instrument  Display.  This  provides  a  backup  capability  in  the  event  of  a  complete 
failure  of  the  BFIS  data  bus.  The  Standby  Engine  Instrument  Display  is  a  monochrome  LCD 
located  in  the  lower  center  of  the  instrument  panel.  It  provides  an  alpha-numeric 
presentation  of  engine  data  aa  a  backup  to  the  primary  display  system. 

Two  Air  Data  Computers  (ADC)  provide  information  to  the  Display  Processors  via  the  BFIS 
data  bus ,  with  also  a  direct  interface  to  the  Display  Processors  provided  by  dedicated 
ARINC  429  serial  data  buses.  The  identification.  Friend  or  Foe  (IFF)  is  connected  to  ADC 
No.  1  for  encoded  altitude  information. 
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The  Inertial  Navigation  Unit  (tWJ)  ia  controlled  by  the  BCNS  over  the  8CNS  data  bus. 
The  Diaplay  Controllers  are  monochrome  LCDs  and  are  connected  to  the  Dlaplay  Processors 
via  an  ARINC  429  high  apeed,  aerial  data  bus.  The  Display  Controllers  are  centered  on  the 
upper  portion  of  the  instrument  panel  and  provide  the  pilot  and  copilot  with  Menus  that 
enable  display  formnt  selection  and  switching. 

The  APS-133  Type  II  Radar  ia  interfaced  to  the  display  systea  using  a  Radar  Interface 
Dnit.  This  interface  unit  is  a  modified  C-17  unit  providing  dual  independent  video 
outputs  to  the  Dlaplay  Processors.  The  independent  outputs  provide  the  capability  for  two 
different  radar  ranges  to  be  displayed  siaultaneoualy,  but  the  radar  cannot  operate  in  two 
different  nodes  simultaneously.  One  of  the  outputs  is  shared  by  the  pilot  and  copilot  and 
the  second  output  is  used  by  the  navigator.  A  failure  of  a  Display  Processor  will  cause 
the  systea  to  reve-t  to  a  caanon  radar  range  selection  for  the  pilots  and  navigator.  The 
Radar  Interface  Unit  is  connected  to  the  RPI8  data  bus  for  receipt  of  attitude  and  heading 
stabilisation  signals  and  for  range  control.  The  radar  node  control  functions  are 
performed  with  dedicated  control  panels. 

The  Diaplay  Controllera  are  connected  to  the  Display  Processors  via  ARINC  429  data 
buses.  The  Display  Controllers  provide  the  capability  to  control  which  information  ia 
displayed  on  the  display  units.  Two  Display  Controllers  are  installed  on  the  instrument 
panel,  one  each  for  the  pilot  and  copilot.  Controls  for  the  display  unit  at  the 
navigator's  station  will  also  be  provided.  The  pilot  and  copilot  will  each  exercise 
control  over  the  configuration  of  his  respective  display  units.  However,  in  the  event  of 
a  failure  of  a  pilot's/copilot's  Display  Controller,  the  other  pilot  will  have  the 
ability,  using  his  own  Display  Controller,  to  control  the  configuration  of  the  other 
pilot's  display  unit. 

The  Standby  Engine  Instrument  Display  is  a  monochrome  LCD  located  in  the  lower  center 
of  the  Instrument  panel.  It  provides  a  numerical  presentation  of  engine  data  as  backup  to 
the  primary  display  system.  It  is  connected  to  the  four  UAUs  via  ARINC  429  data  buses  to 
receive  engine  data  directly. 

The  Digital  Automatic  Plight  Control  systam  (DAPCS)  is  a  new  autopilol/f light  director 
system  for  the  C-13D  that  replaces  the  old  B-4  Autopilot  and  CPU-65  Plight  Diractor. 
There  are  no  connections  between  the  autopilot  and  the  NIL-STD-1553B  data  buses.  All  of 
the  interfaces  use  discrete  wiring.  To  support  all  of  the  analog  interfaces  for  the 
autopilot  and  flight  director,  the  present  navigation  instrument  switching  systea  is 
retained,  but  only  a  few  of  the  interfaces  are  uaed  by  the  diaplay  systea. 

Displays .  The  two  primary  flight  displays  are  the  outboard  displays  located  directly 
in  front  of  the  pilots.  The  information  previously  displayed  on  the  pi lot 'a/copilot's 
attitude  direction  indicator  (ADI),  airspeed  indicator  (ASI),  vertical  speed  Indicator 
(V8I),  altimeter  and  partial  (horiaontal  situation  indicator  (BSI)  ia  now  displayed  on  the 
primary  flight  diaplay.  Plight  director  mode  data  and  some  navigation  data  are  also 
prasantad  on  this  display.  There  is  only  one  format  aval labia,  but  a  declutter  capability 
ia  Included  In  the  design. 

The  two  navigation  displays  are  located  Inboard  of  the  primary  flight  displays  on  the 
main  instrument  panel.  The  navigation  diaplay  has  a  basic  map  foraat  with  minor 
variations  to  suit  the  navigation  mode  selected.  Data  previously  displayed  on  the  BSI  and 
two  bearing  distance  heading  indicators  (BDU)  ia  prasanted  on  thin  diaplay.  Radar  is 
displayed  aa  an  ovarlay  on  the  map  diaplay  for  tha  pilot  and  copilot.  One  BDBI  in 
retainad  on  the  main  instrument  panel  to  provide  backup  navigation  information  in  case  of 
complete  loss  of  display  systam  functions. 
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the  c«nt*r  display  is  used  primarily  to  monitor  angina  parameters  with  limited  caution 
and  earning  information  displayed  on  the  bottom  of  the  display.  The  Standby  Bngine 
instrument  Display  is  used  to  display  essential  engine  data  upon  the  complete  loss  of  the 
display  system  functions. 

The  additional  display  at  the  navigator's  station  has  a  basic  map  format  similar  to 
that  available  to  the  pilot's  and  copilot's  navigation  displays.  Radar  is  displayed  as  an 
overlay  on  the  map  display,  or  as  a  radar-only  display  without  any  computer-generated 
symbology.  All  of  the  navigator's  present  instruments  are  retained.  The  display  unit 
replaces  only  the  navigator's  radar  display.  Independent  control  of  radar  range  is 
provided  for  the  navigator's  display  unit. 

Various  display  formats  and  symbology  were  reviewed  by  a  working  group  consisting  of 
MAC  and  Lockheed  representatives  from  several  functional  areas,  including  aircrew 
standardisation  and  evaluation,  aircrew  training,  flight  safety,  logistics,  human  factors 
engineering,  software  development,  and  crew  station  design.  Each  display  format  will  be 
evaluated  in  detail  during  systems  integration  and  flight  testing. 

Hardware  Redundancy.  Two  Display  Processors  are  used  to  formulate  (he  information  for 
the  six  displays.  Six  unique  displays,  with  full  function  capability,  can  be  supported 
after  the  complete  failure  of  one  of  the  Display  Processors.  Following  the  loss  of  the 
capability  from  Display  Processor  No.  1,  the  bus  controller  functions  for  the  EF1S  bus  are 
performed  by  Display  Processor  No.  2.  Although  complete  operation  of  the  system  can  be 
performed  by  one  of  the  Display  Proceasors,  the  pilot -controlled  operations  are  normally 
performed  by  Display  Processor  No.  1  and  the  copilot  functions  by  Display  Processor  No.  2 
No  flight-craw  action  la  required  following  the  failure  of  a  Display  Processor;  however, 
an  advisory  message  is  displayed  to  notify  the  crew  of  the  Iobb  of  one  level  of 
redundancy. 

Following  a  failure  of  one  of  the  display  unitB,  the  pilot/copilot  may  reallocate  the 
functions  of  the  remaining  serviceable  units  to  provide  inforxiation  displays  adequate  for 
the  completion  of  the  mission.  The  most  critical  display  units  are  the  pilot's  flight 
display,  copilot'!  flight  display,  and  the  engine  instrument  display.  If  one  of  these 
fails,  the  appropriate  information  is  transferred  to  either  the  pilot's  or  copilot's 
navigation  display.  The  transfer  is  accomplished  manually  from  either  of  the  two  Display 
Controllers. 

The  four  DAUs  are  arranged  to  provide  redundancy  of  interface  and  handling  of  engine 
data.  The  two  primary  DAUs  each  process  data  from  two  engines.  Each  primary  DAD  is 
backed  up  by  a  secondary  DAU  processing  the  same  data.  The  same  data  transferred  across 
the  EF1S  bus  is  also  transmitted  on  ARINC  <29  buses  to  the  Standby  Engine  Instrument 
Display  to  provide  a  back-up  capability  in  the  event  of  a  complete  failure  of  the  efis 
data  bus. 

Display  Control.  The  two  Display  Controllers  are  mounted  in  the  upper  center  of  the 
instrument  panel.  Each  contains  two  simpler,  monochrome  LCDs  with  a  3.3  x  2.3  inch  usable 
area  with  eight  pushbuttons  associated  with  each  half  of  the  Display  Controller.  The 
selections  are  menu-driven  with  the  functions  of  the  pushbuttons  changing  as  selections 
are  made.  communications  and  navigation  radio  frequencies  with  channel  numbers  are 
displayed  at  the  bottom  of  the  Display  Controllers.  These  frequencies  are  readouts  only, 
with  no  control  of  the  radios  provided  from  these  panels. 

Selections  which  control  discretes  from  the  Display  Controllers  can  only  be  made  from 
that  particular  Display  Controller;  i.e.,  pilot  controls  pilot  functions  and  the  copilot 
controls  the  copilot  functions.  Some  redundsney  is  built  into  the  Display  Controllers, 
but  full  functionality  cannot  be  maintained  after  complete  failure  of  a  Display 
Controller.  Plight  director  mode  selection  esnnot  be  made  for  the  side  associated  with 
the  failed  unit,  but  limited  raw  data  display  selection  is  still  available. 


PROJECT  ggHEDCLS.  The  project  is  broken  down  into  four  distinct  phases  corresponding  to 
the  applicable  fiscal  year  that  the  effort  is  funded.  The  major  tasks  associated  with 
each  phase  are  summarised  below; 


Phaae  I  (FT  88) 

Phase  11  <FY  89) 


Begin  Detailed  System  Design. 

Select  Equipment  Suppliers. 

Complete  Interface  Design  Documents. 

Complete  System  Design. 

Begin  Integration  Testing. 

Fabricate  Installation  Components. 


Phase  111  (FV  90)  - 

Phase  IV  (FY  91)  - 


Nodify  Aircraft. 

Conduct  Engineering  Flight  Test. 

Prepare  and  Deliver  Aircraft  to  MAC. 

Support  NAC  Operational  Test  and  Evaluation. 
Demodi f y  Aircraft. 


OPERATIONAL  TEST  AND  EVALUATION  (OTtBl.  Following  the  modification  of  the  C-130  at 
Lockheed's  facility  in  Georgia  and  the  initial  engineering  checkout  and  flight  test,  the 
aircraft  will  return  to  the  314  Tactical  Airlift  Ninq  at  Little  Rock  Air  Force  Base, 
Arkansas.  The  C-130  will  be  flown  and  maintained  by  NAC  operations  and  maintenance 
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personnel  during  a  siz-month  0T*E  period.  The  U8AF  Airlift  Cantar  (ALCSNT)  located  at 
Papa  Air  rorca  Bane,  North  Carolina,  will  direct  the  taating  and  ooaqtlete  the  final  teat 
report. 

The  OTtB  will  evaluate  the  operational  ef fectiveneaa  and  auitability  of  the  LCD 
technology  in  the  aircraft  inetallation.  Major  operational  effectiveneaa  laauea  to  be 
evaluated  include t 

-  Sunlight  Readability. 

-  Readability  Proa  Multiple  Hide  Viewing  Angles. 

-  Information  Clutter  and  Dynaalcs. 

-  Base  of  Uae  of  the  Display  Controllers. 

-  Display  Formats  ard  Symbology. 

-  Night  Vision  Goggle  Ccapatibill ty . 

Operational  auitability  issues  will  address  supportability  of  the  technology  and 
include  the  following! 

-  Syatea  Reliability  and  Maintainability. 

-  Maintenance  Skill  Level  Required  to  Maintain  and  Support. 

-  Fault  Detection  and  isolation. 

-  Support  Equipment  Requirements. 

CONCLUSION ,  The  uae  of  liquid  crystal  flat  panel  displays  has  the  potential  to 
revolutionise  the  display  of  critical  flight  and  performance  monitoring  information. 
Improved  reliability,  maintainability,  and  operational  effectiveness  will  drive  the  use  of 
flat  panel  LCDs  in  the  design  of  our  nest  generation  of  aircraft,  as  well  as  the 
modernlzation/modif ication  of  current  aircraft  cockpit  displays. 

This  technology  supports  MAC'S  and  Marner-Robins  Air  LogisticB  Center's  efforts  to 
modernise  C-130  and  C-14I  flight  stations.  This  RAMT1P  project  will  demonstrate  the 
benefits  and  identify  the  problems  with  this  technology,  greatly  reducing  the  risk  of 
successfully  integrating  Ha!  panel  LCDs  in  the  C-130  and  C-141  aircraft. 


DISCLAIMER 

Ttus  research  report  represents  the  views  of  the  author  and  does 
not  necessarily  reflect  the  official  views  of  the  Department  of 
Defense  or  the  United  States  Air  Force 
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APPORT  DES  TECHNOLOGIES  NOUVELLES  DANS  LA  CONCEPTION  DU  POSTE 
DE  PILOTAGE  D’UN  FUTUR  AVION  DE  TRANSPORT  M1LITA1RE 

par 

J.Borrel,  M.Duturc  et  G.MHonneau 

Aerospatiale/Division  Avions 
Division  des  Etudes  de  Toulouse 
A/DET/SY 

3 1060  Toulouse  Ccdex  03 
France 


1.  -  EXPERIENCE  AEROSPATIALE  DANS  LE  DQMA1NE  DES  AVIONS  DE  LIGNE  DE  TYPE 
AIRBUS 

11  -  G6n6rallt6s 

Le  cockpit  est  I'endrolt  de  I'avlon  vers  lequel  tous  les  systdmes  convergent  pour  dialoguer 
avec  le  pllote. 

Dans  les  10  demldres  ann6es.  de  grandes  Stapes  ont  6t§  franchles  en  ce  qul  concern© 
I'ergonomle  et  les  technologies,  qul  ont  conduit  0  des  modifications  profondes  dans  la 
phllosophle  de  conception  du  cockpit,  pour  mleux  tenlr  compte  des  exigences  actueiles 
d'exploltation  et  de  s6curlt6.  L' AEROSPATIALE,  qul  a  actuellement  la  responsabllite  de  la 
conception  et  du  d6veloppement  des  postes  A330,  A340  et  HERMES,  possdde  une  large 
experience  du  sujet.  apr6s  avoir  d6flni  tous  les  postes  de  lo  famine  AIRBUS  mais  §galement 
de  la  famine  ATR. 

La  definition  d  un  cockpit  est  le  r6sultat  d'un  processus  complexe,  qul  met  en  cause  : 

-  rexp6rience  acquise  sur  les  programmes  precedents. 

-  les  resultats  des  efforts  de  recherche, 

-  les  Informations  provenant  de  diff6rents  Interlocuteurs  (compagnies  adriennes,  pilotes. 
autorites  de  certtficurion.  fabricants  de  systemes...), 

-  la  methodologle  propre  d  I'AEROSPATIALE,  ba$6e  sur  une  analyse  statlque  et  une  phase 
de  d6veloppement  pour  la  conception  et  sur  une  analyse  dynamique  pour  la  validation. 

*  L’analyse  statique  repose  sur  des  criteres  tels  que  : 

-  la  visibility  exteme 

-  la  visibility  Interne 

-  le  contort  (espace  iibre  autour  de  la  tete, ...) 

-  I'accds  au  post©  de  travail. 

-  diverses  regies  ergonomiques 

Cette  phase  utilise  brgement  les  moyens  informatiques  (CAO)  et  aboutit  d  la  fabrication 
de  maquettes  d'installation. 

*  La  phase  dite  de  develop pement  est  la  phase  pendant  laquelle  la  plupart  des  concepts 
et  des  solutions  relatives  fit  linterface  Homme-Machine  sont  proposes,  essaySs  et 
cdopt6$.  en  s'appuyant  sur  divers  moyens  Informatiques  et  des  slmulateurs  spdcifiques 
au  programme  concern^. 

*  L'analyse  dynamique  consist©  en  la  validation  a  posteriori  du  processus  lore  d'une  cam- 
pagne  d'essais  en  vol :  la  tOche  pllote  est  6valu6e  au  trovers  d'une  analyse  globale  de 
sa  charge  de  travail.  A  partir  de  mesures  de  paramdtres  internes  (variablllte  cardiaque 
par  exemple)  et  extemes  (Incidence  avion,  plan  de  vol...),  un  module  a  §t§  construit ,  qul 
permet  de  restltuer  le  niveau  de  la  charge  de  travail  et  d'en  determiner  les  limites  accep- 
tables. 
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1.2  - I  n  itlnn  AIRBUS  A  300  at  A  310  FFCC 

Le  concept  FFCC  (Forward  Facing  Crew  Cockpit)  est  bas6  sur  le  fait  que  Equipage  (d  2  ou 
d  3)  regarde  vers  I'avant. 

Cecl  est  une  consequence  dlrecte  de  ('Introduction  dans  ces  avions  de  la  technologic 
digitate,  qul  a  pemnis  une  complete  reorganisation  du  panneau  plafond  et  du  panneau  la¬ 
teral. 

Les  commandes  des  sy$t6mes  sont  sltu6es  sur  le  panneau  plafond.  Une  amelioration  Im- 
portante  de  I'exploltation  op6ratlonnelle  est  apportee  par  la  phllosophie  ‘poste  6teint"  : 
lorsque  tout  va  bien.  tous  les  boutons  poussolrs  sont  eteints.  La  preparation  du  poste  en  est 
grandement  facilltee.  Cette  phllosophie  est  combinee  6  une  utilisation  coh6rente  d'un 
code  de  couleurs.  Les  boutons  poussolrs  lumineux  sont  Integres  dans  les  synoptiques  sys- 
t6mes,  indlquant  sort  une  contlnulte,  solt  une  Interruption  du  circuit  concem6. 

Le  panneau  lateral  a  ete  enormement  redult :  il  n  est  plus  utilise  6  titre  opferationnel  et  est 
malntenant  reserve  unlquement  6  la  maintenance. 

Congu  des  le  depart  pour  un  equipage  d  2,  l‘A  310  est  devenu  un  programme  cl6  dans  le 
domalne  des  cockpits  d'avlons  clvlls,  du  fait  d'autres  ameliorations  majeures  Il6es  aux 
technologies  digitales  :  ('installation  de  6  tubes  cathodiques  pour  la  presentation 
d'informations  sur  la  planche  de  bord.  et  ('introduction  d'un  calculates  dddte  d  la  gestion 
du  vol.  Ces  deux  nouveautes  ont  vu  ieurs  fonctions  accrues  sur  I  A320  et  sont  presentees 
plus  en  detail  dans  la  section  suivante. 

Le  poste  de  I' A3 10  peut  en  fait  6tre  consld6r6  comme  un  poste  de  transition,  combinant  6 
la  fols  ('utilisation  d  instruments  conventlonnels  et  celle  de  technologies  nouvelles  (comme 
les  tubes  cathodiques).  Celles-ci  ont  6t6  etendues  et  ont  attelnt  leur  aboutlssement  avec  le 
poste  de  pilotage  de  I' AIRBUS  A320. 

13  -  De  TA  320  6  TA330-34Q 

Le  cockpit  de  I'AIRBUS  A  320  constitue  un  important  pas  en  avant,  compare  d  tous  les 
autres  cockpits  modemes,  et  est  malntenant  conslddrd  comme  le  standard  mondial  en 
mcrttere  de  postes  de  pilotage.  La  meilieure  preuve  en  est  le  fait  que  le  Boeing  B747-400  et  le 
Mac  DonnelFDouglas  MDl  1  ont  6t§  conqus  sur  la  base  de  la  rrteme  architecture  g6n6raie. 
Bien  entendu.  les  principales  caractdrlstiques  qul  font  le  succds  de  I  A320  ont  6t£ 
reconduites  sur  les  AIRBUS  A  340  et  A330,  c'est  d  dire  princlpatement : 

-  (introduction  de  commandes  de  vol  dlectriques  avec  des  manches  latSraux  et  une 
commande  de  poussde  miniaturises. 

-  la  generalisation  de  tubes  cathodiques  pour  la  presentation  de  toutes  les  informations 
primaires  O' A  320  est  ainsl  le  premier  poste  d  matdrialiser  le  concept  "All  Glass  Cockpit"). 


1-3-1  -  Les  Instruments 

Les  Commandes  de  Vol  Electriques  (CDVE).  entralnant  I'utHlsation  de  manches  Iat6- 
raux,  ont  permls  une  reorganisation  optlmale  de  la  planche  de  bord,  avec  pour 
cheque  pUote  une  meHleure  visibility  sur  les  deux  tubes  devant  lui  et  sur  les  deux  tubes 
de  la  planche  centraie. 
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De  f  A  310  d  I'A  340.  une  sArie  de  regies  de  base  concemant  la  symbologle  sur  tubes 
cathodiques  a  AtA  dAfinie  et  amAliorAe  par  I' effort  conjuguA  de  pilotes  et  d'lngAnleurs. 

On  peut  en  signaler  id  ies  princlpales : 

-  tors  de  cheque  phase  de  vol,  seules  les  donnAes  optimales  sont  prAsentAes ;  alnsi 
des  informations  utiles  pour  d'autres  phases  de  vol  que  la  phase  en  cours  ne  sont 
pas  montrAes  et  ne  viennent  pas  surcharger  Inutllement  les  Acrans. 

-  aucune  charge  de  travail  supplAmentalre  n'est  demandAe  d  I'Aquipage  pour  com¬ 
mander  et  comprendre  les  Informations  prAsentAes. 

-  aucun  entraTnement  spAcIfique  nl  changement  Important  dans  les  processus  men- 
taux  ne  sont  nAcessaires  pour  utlliser  les  CRT. 

Le  systems  efis 

Les  quatre  tubes  cathodiques  des  deux  planches  pilotes  constituent  I'EFIS  (Electronic 
Flight  Instrument  System). 

Devant  chaque  pilote  se  trouve  le  ■Primary  Flight  Display'  (PFD)  qul  donne  toutes  les 
Informations  nAcessaires  au  pilotage  6  court  terme  de  I'avion. 

Leur  plus  grande  faille  (7.25*  x  7.25")  compare  aux  tubes  de  I'A  310  (6.25’  x  6.25’)  per- 
met  de  prAsenter  un  T-basique  complet : 

-  Attitudes  au  centre  de  I'image 

-  AnAmomAtrie  sur  la  gauche 

-  AltimAtrle  et  variomAtre  d  drolte 

-  Cap  dans  la  partie  InfArieure. 

La  partie  supArieure  donne  des  informations  sur  les  modes  du  pilote  automatlque  ac- 
tlfs  ou  arm  As. 

Sur  le  mAme  niveau  horizontal  se  trouve  le  'Navigation  Display'  (ND),  rAservA  6  la 
gestion  du  vol  6  long  tenme.  On  y  prAsente  la  situation  de  I'avion  par  rapport  d  son  plan 
de  vol.  Le  pilote  peut  sAlectionner  plusieurs  modes,  en  fonctlon  de  la  situation  : 

-  le  mode  ARC,  oG  Ton  montre  le  plan  de  vol  avec  I'avion  au  bas  de  I'Acran 

-  le  mode  ROSE  MAP,  avec  le  plan  de  vol,  et  I'avion  au  centre  de  I’lmage 

-  les  modes  ROSE  VOR  et  ROSE  ILS  (identiques  au  HSI  mAcanlque). 

Pour  ies  deux  premiere  modes,  le  pilote  peut  choisir  6  Acheiies  de  cartes,  allant  de  10  d 
320  NM  ffonction  ■zoom’). 

Les  informations  du  radar  mAtAo.  des  options  supplAmentaires  (aides  radio,  points 
toumants,  aAroports)  ou  les  positions  d'autres  avions  peuvent  Atre  superposAes  d  ces 
images,  avec  les  positions  et/ou  tallies  adAquates  correspondent  d  I'Achelle  et  ou 
mode  sAlectAs. 

Pour  la  sAlectlon  des  fonctions  EFIS,  chaque  pilote  dispose  d  un  boltier  de  commando 
InstallA  sur  I’auvent, 


La  svstftme  ECAM 


Les  deux  tubes  cathodlques,  sltu6s  sur  la  partle  central©  de  la  planche  de  bord, 
constituent  (’Electronic  Centralized  Aircraft  Monitoring  (ECAM). 

L'dcran  du  haut  est  ("Engine  and  Warning  Display*  (EWD).  II  montre.  en  partle 
sup&rieure  : 

-  les  paramdtres  primalres  des  moteurs 

-  la  position  des  bees  et  des  volets 

•  le  carburant  total 

La  partle  Inf6rieure  de  l'§cran  EWD  prdsente : 

-  en  utilisation  normal©,  la  page  ’MEMO*  qul  donne  des  Informations  sur  les  sys- 
tdmes  actlfs  temporairement  tels  que  I’APU,  le  dAglvrage,  les  messages  cablnes 
(NO  SMOKING/SEAT  BELTS),... 

*  en  cas  de  panne,  les  messages  d'alerte  ou  d'alarme  et  les  proc©dures  asso- 
ci©es. 

L'&cran  InfArieur  est  le  'System  Display*  (SD)  qui  pr©sente  : 

-  les  synoptiques  des  systAmes  avion,  qul  peuvent  soit  Stre  appelAs  manuellement 
par  le  pilot©,  solt  ©tre  pr©sent©s  automatlquement  (on  montre  le  system©  le  plus 
pertinent  compte  tenu  de  la  phase  de  vol  en  fonctlonnement  normal,  ou  le  sy- 
noptique  du  system©  en  cause  en  cas  de  panne).  Pour  I  A330  et  I’A340, 13  pages 
systemes  ont  6t6  dAfinies:  MOTEURS  (parametres  secondalres),  PREIEVEMENT 
DAIR,  PRESSION  CABINE,  ELEC.  ALTERNATE,  ELEC.  CONTINU,  HYDRAULIQUE,  APU, 
CONDITIONNEMENT  D  AIR,  PORTES,  ROUES,  COMMANDE  DU  VOL,  CARBURANT. 
CIRCUIT  BREAKERS  et  CROISIERE. 

-  une  page  STATUS  contenant  des  Informations  sur  l'6tat  opArationnel  r6el  de 
I'avlon  et  sur  d'eventuelles  limitations  operationnelles  apr6s  panne. 

Un  bottier  de  command©  ECAM  est  $itu6  sur  le  pylOne  central,  pour  la  selection  ma- 
nueile  des  pages  du  'System  Display". 

II  exlste  aussl  des  disposltifs  permettant  d’attlrer  I'attention  des  pilotes  en  cas  d'alarme 
:  des  boutons  lumlneux  sur  1‘auvent.  combines  d  des  alarmes  sonores,  demandent  6 
l'6qulpage  de  se  rAfArer  6  I'Acran  EWD  oCi  un  messoge  est  apparu. 

Le  systeme  ECAM  b6n6ficle  ou  maximum  des  posslbilites  de  reconfiguration  offertes 
par  la  technotogle  digital©  et  les  ©crons  de  visualisation  ©lectroniques. 

II  am©«ore  le  contort  de  pilotage  en  mlnimlsant  la  charge  de  travail,  permettant  alnsi  6 
T6quipage  de  se  consocrer  6  des  tdches  de  synthdse  comme  la  gestlon  optimale  de 
la  mission  et  de  la  machine. 

Des  reconfigurations,  nacelles  par  action  pilot©  ou  automatiques,  sont  possibles  afin 
de  garder  toutes  les  Ink  ..nations  dlsponlbles  en  cas  de  panne  d'une  unit©  de  visuali¬ 
sation. 
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i-3-2-i«Cpmmqnfl99deval 

Une  consequence  premiere  de  Iq  generalisation  des  CDVE  est  I'utlllsation  de  manches 
lateraux. 

Les  modifications  de  trqjectoire  avion  sont  envoy6es  aux  calculateurs  qul  common- 
dent  les  organes  de  puissance  des  surfaces  mobiles.  Alnsi.  des  actions  musculaires 
Important es  ne  sont  plus  necessaires  pour  transmettre  ces  informations. 

En  fonctlonnement  avec  Pllote  Automatlque.  les  manches  lateraux  restent  en  position 
neutre ;  le  pllote  peut  6  tout  moment  reprendre  le  contrOie  par  action  sur  le  manche, 
desengapecnt  alnsi  le  PA. 

Les  manches  lateraux  offrent  ravantoge  d'un  melUeur  contort  de  pilotage  (vision  sans 
obstacle  du  p>*ote  sur  les  Instruments  et  aecds  plus  alse  au  siege)  et  d'une  Importante 
reduction  de  polds. 

Allant  de  pair  avec  (Introduction  du  manche  lateral,  des  manettes  des  gaz  miniaturi- 
s6e$  ont  6galement  6t6  adoptees,  profitant  plelnement  du  concept  'Full  Authority 
Digital  Engine  Control"  (FADEC). 

let  aussi.  les  transmissions  mecaniques  ont  disparu.  entraTnant  une  reduction  de  la  taiile 
des  manettes. 

Des  positions  fixes  permettent  la  selection  aisee  des  modes  de  pouss6e  limite. 
Lorsque  (automanette  est  active,  II  n'y  a  pas  de  mouvement  de  la  manette. 


1-3-3  -  Lq.Condufte  gutQmqtts3U9.du.ysil 

L'lntroduction  de  calculateurs  numeriques  sur  A  310  a  entraTne  des  evolutions  Impor- 
tantes  dans  les  systemes  de  conduite  automatique  du  vol,  aussi  blen  du  point  de  vue 
materiel  (en  terme  d'lntegratlon  de  systemes)  que  du  point  de  vue  logiciei.  Cela  a 
simpllfie  6norm6ment  (Interface  Homme-Machine  :  acces  6  des  modes  sup§rieurs. 
cou plage  entre  commandes  automatiques  de  tangage  et  de  pouss6e. 

L'A310  fut  aussi  le  premier  programme  d  6tre  §quip6  d'un  "Flight  Management 
System"  (FMS).  Calculateur  de  Gestion  du  Vol. 

Les  fonctlons  et  (outorite  de  ce  systdme  ont  6te  augment6es  sur  les  programmes  sul- 
vants,  en  m&me  temps  qu'il  a  vu  son  Integration  progressive  avec  les  auires  systemes 
de  conduite  de  vol,  ce  qul  a  conduit  pour  (A  330/340  au  ‘Flight  Management 
Guidance  and  Envelope  System"  (FMGEC). 

Les  deux  FMGEC  de  (A330/A340.  assoclds  6  un  "Flight  Control  Unit*  (FCU)  et  6  deux 
"Multipurpose  Control  and  Display  Units'  (MCDU)  pour  (interface  pilote,  constituent  le 
systdme  de  Conduite  Automatique  du  Vol. 

Ce  system©  offre : 

-  la  fonctlon  gestion  du  vol,  qul  permet  une  navigation  compete  (horizontale  et 
vertical©  slmultandment). 

-  des  fonctlons  de  guidoge  :  pilote  automatique,  directeur  de  vol  et  contrOie  au¬ 
tomatique  de  la  poussde. 


-  la  fonctlon  'Envelop  pe  de  Vol’  :  enveloppe  de  vttesses,  detection  du  clsallle- 
ment  de  vent  et  de  (■alpha-floor1. 

Grace  6  ('utilisation  d'une  Importante  base  de  donn6es  de  navigation,  comprenant 
les  aides  radio,  les  points  toumants.  les  routes  o6riennes,  les  adroports.  les  procedures 
de  depart  et  d'arrlvie,  la  fonctlon  Gestlon  du  Vol  permet  a  I' equipage  de  const  rulro  ie 
plan  de  vol  adequat,  et  de  le  modifier  facllement  6  tout  moment  du  vol  par 
I'lntermedlalre  de  la  MCDU.  Le  pilote  peut  survellltr  en  permanence  la  situation 
horfcontale  par  la  presentation  du  plan  de  vol  sur  la  'Navigation  Display*.  Dans  le  plan 
vertical,  le  systeme  calcule  les  profits  de  montee  et  descente,  alnsi  que  les  vitesses  et 
altitudes  de  croisiere.  de  far-on  d  mlnlmlser  le  coOt  ou  la  consommatlon  de  carburont. 
Pour  cela.  le  systeme  tlent  6  jour  le  Plan  de  Vol.  quelle  que  soit  la  maniere  dont  le  pilote 
I'a  d6fini  (route  compagnie,  ‘city-pair1,  point  toumant  par  point  toumant)  et  modifie 
(‘direct  TO',  procedures  d'attente.,..).  determine  la  position  avion  et  sa  distance  au 
Plan  de  Vol.  et  realise  un  guidage  automatlque  le  long  de  ce  plan  de  vol. 

II  realise  aussl  des  predictions  de  temps,  de  carburant  et  d'altltude  a  chaque  point 
toumant  en  uttlisant  les  modeies  a6rodynamlques  et  moteurs  de  I'ovion.  les  conditions 
de  vol  actuelies  et  celles  prevues.  et  I'lndlce  de  coCit  de  la  compagnie. 

Le  dialogue  entre  les  pilotes  et  les  FMS  $e  fait  par  I'lntermedlalre  de  deux  bottlers  de 
commando  et  de  visualisation  (MCDU)  d  ecran  couleur,  particulidrement  faclles  d  utili- 
ser  malgre  la  complextte  et  la  variete  des  possibilitds  du  systeme. 

De  mSme  que  le  systeme  ECAM,  le  systeme  de  conduite  automatique  du  vol  a  pro- 
fondement  modifie  la  charge  de  travail  de  I'dquipage,  du  fait  que  le  couplage  entre 
systeme  de  guidage  et  systeme  de  gestlon  du  vol  permet  ddsormais  un  guidage  au¬ 
tomatique  complet  le  long  d'un  plan  de  vol  6  3  dimensions,  du  ddcollage  d 
I'atterrissage. 


1-3-4-ifl.Mgmtenqnca 

Sur  (A3 10.  le  panneau  lateral  a  6t6  extrfimement  redult,  et  reserve  d  des  fins  de  main¬ 
tenance.  A  partir  de  l'A320.  H  a  totalement  disporu,  et  a  §t6  rem place  par  le 
Calculateur  Central  de  Maintenance  (CMC). 

Les  fonctions  BITE  (Built  In  Test  Equipment)  ont  et6  Integr6es  dans  les  calculateurs,  et 
grdce  d  ce  calculateur  central  de  maintenance,  peuvent  ddsormais  etre  comman- 
d6es  et  pr6sent6es  via  la  MCDU  ;  II  n'y  a  done  plus  qu'une  interface  unique  entre  les 
pilotes.  la  maintenance  au  sol  et  les  systemes.  Les  informations,  en  anglais  clair.  con- 
cemant  chaque  panne  apparue.  y  sont  dlsponibles  pour  les  speclolistes  de  mainte¬ 
nance  :  its  peuvent  connattre  (heure  de  la  panne,  le  chapltre  ATA  correspondent,  le 
LRU  concern^,  et  ont  dgalement  accds  aux  calculateurs  connects  d  partir  d'un  seul 
point  de  (avion, 


t  -  3  -  5  -ig.a&)|gm$qu9  Electrenlaue 

Le  Systeme  Bibliothdque  Electronique  Embarqud  (ELS:  Electronic  Library  System)  per¬ 
met  la  consultation  des  divers  documents  ou  Informations  nfccessalres  d  (exploitation 
de  (avion ,  embarquds  dans  une  unit 6  de  stockage  dlectronique. 

Ce  systeme  est  actuellement  d  (etude  d  (AEROSPATIALE  pour  (A330  et  (A340. 
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Grace  oux  technologies  utills6es,  I'ELS  permet  de  disposer  a  bord  d'informations  ex¬ 
haustive*  et  coh6rentes  et  d'c-n  assurer  une  mlse  0  Jour  plus  als6e  qu'avec  une  do¬ 
cumentation  popler. 

Chaque  pflote  dispose  d'un  6cran  plat  0  haute  resolution  permettont  la  recherche  et 
I’afflchage.  pendant  toutes  les  phases  du  vol.  des  informations  textueiies  et  gra- 
phlques.  aujourd'hul  editAes  sur  support  popler. 

Les  manuels  de  vol  (FCOM),  les  dlverses  procedures,  la  M.E.L  alnsi  que  les  cartes 
d'approche  et  de  terrain  sont  accessibles  6  portlr  de  chaque  poste  et  peuvent  etre 
6 cutes  a  la  demande  sur  I'lmprlmante  Instate  dans  le  pylOne. 

La  recherche  d’lnformatlon  est  facllltee  par  I'utlllsatlon  de  divers  modes  d'acces 
(menus,  designation,  recherche  de  mot,  ATA, ...). 

De  plus,  une  preselection  dynamlque  d'lnformatlon  est  propos6e  0  I'utillsateur  en 
fonctlon  des  situations  de  vol  ou  d’un  6venement  cockpit  (alarme  ECAM). 

Les  Informations  destinies  au  pllote  sont  compietees  par  les  Informations  de  mainte¬ 
nance  permettant  de  disposer  en  llgne  de  I’ensemble  des  dlverses  donn§es  sp6cl- 
tlques  0  I'avion. 

Des  terminaux  situ6s  dans  les  zones  de  maintenance  ossurent  aux  6quipes  sol  le  sup¬ 
port  n6cessaire  aux  interventions,  grOce  0  I'accessibllite  aux  documents  de  mainte¬ 
nance. 


1.4  EutULflt  perspectlYflsjjQur  les  avlons  cLyils 

Les  programmes  Ianc6s  dans  la  seconde  moltie  des  ann6es  90  b6n0ficleront  d  une  nou- 
velle  involution  "ans  I'avionlque  :  le  concept  de  tolerance  aux  pannes,  I'avionlque  modu- 
laire  Int6gr6e,  un  nouveau  standard  de  bus  (ARINC  629),  I'avion  tout-6lectrique.  la  transmis¬ 
sion  de  donndes  optlques.  sont  les  nouveaux  prlncipes  que  i  on  envisage  d'appliquer  a  ce 
moment  Id. 

L'lnterface  Homme-Machine  benefiera  elle  aussi  de  I'lntroduction  de  technologies  nou- 
velles,  telles  que  les  6crans  plats  a  cristaux  liquldes,  de  nouveaux  systemes  de  designa¬ 
tion.  la  Commande  Vocale,  des  organes  de  commande  6  mint-deplacements, ... 

L'AEPOSPATIALE  poursult  sen  effort  de  recherche,  regardant  d6jd  au  deld  de  I'A  340, 1'A  330 
et  I'A  321.  Le  slmulateur  de  vol  prospectif  EPOPEE  est  utilise  pour  evaluer  ces  nouvelles 
technologies . 

•  des  visualisations  3D  permettront  de  superposer  des  symbologies  de  pilotage  6  une 
Imoge  du  sol,  et  contrlbueront  0  un  pilotage  instinctlf  de  I'avion,  par  example  tors 
d'approches  IFR,  profitant  ainsl  des  nouveaux  systemes  de  navigation  tels  que  MLS 
(Microware  Landing  System)  et  GPS  (Global  Posltionning  System). 

-  un  systeme  de  blblbtheque  dlectronique,  totalement  Integra  cox  autres  systemes  ovio- 
niques  et  au  cockpit  (pour  la  solsie  de  donnees  et  la  visua'isation)  conduira  0  un  cockpit 
"sans  papier",  et  contrtbuera  encore  0  simplifier  la  charge  de  travail  du  pllote. 
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•  dons  A  Tutor.  (avion  no  sera  plus  consider®  comm®  un  $  Ament  isoA  dons  respace  cA* 
rten,  mots  sera  refit  0  un  Important  rtseou  de  communlcotions  et  dtchanges  de  don- 
ndes. 

La  cooptratton  active  entre  sol  el  bord  est  A  cA  de  I'efflcaclt®  du  system®  global.  Pour 
ceta,  de  nouvea ux  systtmes  sent  0  r etude,  qul  ont  un  Impact  sur  r interface  homme-ma- 
chlne  a  bord  de  i'avlon: 

-  A  MLS  (Microwave  Landing  System) 

•  A  TCAS  (Traffic  AArt  and  Collision  Avoidance  System) 

•  I'ACARS  (ARINC  Communication  Adresslng  and  Reporting  System)  pour  As  com¬ 

munications  alr/sol  de  A  compognio 

-  A  fiolson  de  donrAes  ATC  Mode  S  qul  amtliorera  de  fo«;on  slgnlf teatlve  le  dialogue 

entre  A  System®  de  ContrOA  Adrien  et  I'avlon.  Cela  devralt  amtllorer  A  regulation 
du  trofic.  et  done  amener  des  gains  signiftcortifs  en  efficacite,  securtte.  perfor¬ 
mances.  economic  de  carburant,...) 

-  As  communAatlons  par  satelktes  (SATCOM). 
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II.  -  EXPERIENCE  ACQUISE  DANS  LE  DOMAINS  DU  TRANSPORT  AEBIEN  MILITAIBE 

Au  cours  des  ann6es  1980 I' Aerospatiale  a  conpu  et  realise  des  porteurs  sp6ciaux  6  partir  des 
C  160  de  s6rie,  puls  eKe  a  men6  6  l'6tude  de  la  renovation  de  I’avionlque  et  de  la  fiofte  des  C 
160  du  COTAM.  Cette  analyse  condulte  en  accord  avec  les  Services  Officials  frangais  a  abouti 
au  ddveloppement  et  la  mlse  au  point  d’un  nouveau  concept  de  condulte  de  la  mission  de 
transport  a6rien. 

11.1  -  Lfi-besoln  exorime  oar  le  COTAM 

II  s'aglt  de  foumir  aux  C  160  les  moyens  de  leur  mission  dans  le  nouveau  context© 
g6opolltique  envisage : 

-  Le  nouveau  system©  de  localisation  dolt  6tre  precis,  autonome  et  dlscret. 

-  L'ergonomle  d'lnstallatlon  dolt  proposer  au  pilote  une  assistance  pour  les  operations 
tactiques  de  suivi  de  terrain,  de  largage  et  de  poser  sur  les  terrains  sommaires. 

-  L'avionique  nouvelle  dolt  etre  compatible  avec  la  dur6e  de  vie  estimOe  de  I'avion 
(2010). 

-  Le  nouveau  concept  dolt  6tre  Implante  sans  modification  majeure  de  I'avion. 

II .  2  -  IdeotMcatlon  du  besoln  par  l'A6rospatlale.  Departement  Avion  Milltaire 

Le  besoln  d'avlonlque  milltaire  sur  I'avion  de  transport  milltaire  peut  §tre  resume  en 
plusieurs  points  caractOrlstlques. 


A  -  Effectuer  une  localisation  discrete  autonome  a  l  aid©  de  au  moins  trois  sources 
Ind6pendantes  et  precises ;  garantir  une  precision  de  localisation  en  mode  nominal 
et  en  mode  degrade  (une  source  Invalid©). 

B  -  Gerer  les  performances  de  I'avion  et  la  navigation  au  sens  large  :  il  faudra  tenir 
compte  des  surfaces  hostlles  d6flnles  par  les  menaces  adverses.  il  faudra  g6rer  des 
horaires  precis,  il  faudra  optimiser  les  capacit6s  de  charges  offertes  de  I'avion  sur 
des  terrains  sommairement  am6nag§s, 

C  -  Assurer  I'autoprotection  passive  et  active  de  I'avion  au  cours  de  ses  deplacements : 
6coute  discrete  des  syst6mes  d'interceptlon.  alorme  de  l'6quipage.  reaction  aux 
menaces  directes. 

D  -  Foumir  6  l'6qulpage  les  Informations  relatives  6  son  plan  de  mission  (Navigation, 
livralson,  communication)  sur  des  surfaces 

-  d6dl6e$  au  pilotage  direct  (visu  tete  haute) 

-  d6di6es  a  la  navigation  (6cran  tete  basse) 

-  de  communication  (6c ran  tete  basse). 

E  -  Aider  requlpage  6  conduire  la  machine  en  automatisant  les  toches  de  routine  telies 
que  surveillance  des  parametres  de  contrOle  des  systemes,  telies  que  tenue  de 
parametres  de  pilotage  donn6s,  telies  que  sequences  de  vol  6  prof  II  pr6d6fini, 


8-10 


F  -  Assurer  tous  las  colculs  d  caractire  toctlque  :  sulvl  de  t'ltiniralre  et  des  horaires. 
guidoge  pour  largage,  guldage  pour  poser,  limitations  adapties. 

G  -  Permettre  sans  intrusion  adverse  lensemble  des  liaisons  opiratlonnelies  entre  I'avton 
et  le  centre  d©  control©  des  missions :  transmissions  crypties  de  donnies  tactiques 
permettant  de  remettre  0  hauteur  la  situation  de  menace  et  I'ltln&ralre.  transmissions 
crypties  relatives  6  ravancement  de  la  mission. 


11.3  -  Les  contralntes  d'am6naaement  0  bord 

Ces  contralntes  sont  d'ordre  micanique,  d'ordre  ©lectrique,  d'ordre  ergonomlque. 

-  II  n'a  pas  §t6  envisage,  pour  des  raisons  ©vldentes  de  coat,  de  redifinlr  un  nouveau 
poste  de  pilotage  ;  II  a  6t6  decide  de  rechercher  les  technologies  autorlsant 
I'lnstallation  des  interfaces  de  pilotage  et  de  commande  necessities  par  le  besoin 
diflnl.  dans  I'environnement  micanlque  du  C  160. 

-  II  n'a  pas  6t6  envisage  d'itude  ni  de  definition  de  systimes  nouveaux.  mais 
I'extrapolatlon  d'iqulpements  existants  et  connus.  Dans  ces  conditions,  les  liaisons 
©lectriques  sont  analoglques,  discretes  ou  numiriques,  et  permettront  une  integration 
aisie  surC  160. 

-  Les  dimensions  mOcanlques  des  Interfaces  sont  compatibles  avec  les  panneaux 
d'implantation  ;  le  besoin  d'Oclairage  de  nult  avec  port  des  lunettes  de  vision  nocturne 
a  conduit  6  red6finir  les  sources  lumlneuses.  Enfln  les  temps  d'apprentissage  de  I'avlon 
par  un  jeune  pllote  ne  sont  pas  supirleurs  0  ce  qu'lls  ©talent  auparavant. 

11.4  -  Le  concent  avionlaue  retenu 

4  •  1  ^gpMtegtvre 

L'archltecture  est  crticul6e  autour  d'un  calculateur  central,  double  par  sicurite. 

A  -  Ce  calculateur  revolt  des  Informations : 

-  Initialisations  automatiques  ou  manuelles  assuries  par  requlpage. 

-  Donnies  permanentes  stockies  dans  une  data  base. 

-  Localisations  op©r©es  par  des  sources  ind©pendantes. 

-  Mesures  avions  :  an©mobarometrie,  radio  altlmetres,  dibits  carburant. 

B  -  Ce  calculateur  ©labore  une  localisation  optimal©  et  jn  guidoge  de  navigation 

guidage  0  caractire  giniral  conforme  aux  rigles  de  I'aviation  civile  ou  guidoge 

0  caractire  tactlque  pour  les  missions  spictflques  milltaires. 


C  -  Ce  calculoteur  dlstrlbue  les  informations 

•  vers  les  visualisations  tdte  haute  (HUD) 

•  vers  les  visualisations  tdte  basse  (EFIS,  CDU) 

-  vers  le  pllote  automatlque  et  le  dlrecteur  de  vol 

-  vers  les  moyens  de  radio-navigation  et  de  radio  communication. 

La  majority  des  calculs  sont  rdallsds  dons  les  deux  unites  centrales  de  traitement : 

-  calcul  des  performances  de  (avion 

-  calcul  des  paramdtres  de  vol  loglstique  ou  tactique  conform6ment  aux  profils  de  vol 
d6finis  pour  la  mission 

-  elaboration  des  consignes  de  pilotage  permettant  de  respecter  le  plan  de  mission 

-  gestton  automatlque  de  la  navigation  et  des  horalres 

-  gestlon  automatlque  (ou  manuelle  au  cholx)  des  moyens  de  radionavigation  et  de 
radiocom  munlcatlon . 

4  -  3  -  Les  technologies  nouvelles  pour  un  avion  de  transport  miiitgire  spnt„c.QMitu^s^gL: 

-  La  gestlon  centralls6e  de  la  mission  0  I'alde  de  calculateurs  de  haute  puissance  et 
de  grande  rapidity.  et  do  lignes  num6rtques  de  type  ARINC  429  100  kilo 

-  Les  interfaces  de  commando  et  visualisation  fondles  sur  des  6crans  plats  0  cristaux 
liquides 

-  L'implantatlon  d'EFlS  aux  demiers  standards  technologlques 

-  Le  pilotage  de  base  fondy  sur  des  informations  figures  en  tste  haute  au  trovers  d  un 
HUD  :  vols  0  trOs  basse  altitude,  largagos,  posers,  d6collages. 

-  L'int6gration  au  poste  de  pilotage  de  (ensemble  autoprotection 

-  La  compatibility  du  poste  0 1'emploi  des  lunettes  de  vision  nocturne 

4  -  4  -  Les  nouvelles  missions  envlsoa6es  permettant  d'6tendre  le  champ  opy.rqtiQnn.sid.es 
C 160 

L'yqulpage  pourra  immedlatement  ytre  rddult  d  3  (2  pilotes  +  1  mdcanicien  navigant). 
Le  quatrieme  homme  en  place  navlgateur  sera  un  renfort  pour  les  missions  ddiicates 
ou  de  longue  dur§e. 

La  s6curlt<§  du  vol  et  la  surety  de  la  mission  seront  fortement  renforcys  grace  aux 
automatismes  libdrant  (dqulpage  des  opyrations  de  routine  et  grace  a  la  confortation 
par  le  HUD  des  yvaluations  visuelles  du  pllote,  et  grace  a  la  grande  fiability  des 
yqulpements  mis  en  place. 

Une  meilleure  optimisation  des  vols  sera  garantie  par  la  prycision  nouvelle  des 
moyens  de  gestlon  de  la  mission  :  gain  sur  les  carburants  consommys,  gain  sur  les 
charges  offertes. 
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Les  vols  d  caractdre  tactlque  pourront  g6n6ralement  s'affranchir  des  conditions  de 
visibility  hortzontale  et  des  conditions  nult/jour.  Les  minima  d’approche  autonome 
pourront  dtre  consld6rablement  tedutts,  un  objectlf  Initial  est  d'autorlser  I'approche 
jusqu'uu  "jaune  ROMEO*  lorsque  les  conditions  de  localisation  s'avdrent  satlsfalsantes. 
Les  largages  pourront  6tre  ex6cut6s  sans  visibility  lorsque  les  conditions  de 
localisation  s'avdreront  satlsfalsantes. 

Enfln  une  surveillance  permanente  par  autotest  interne  permettra  de  signaler  et  de 
prendre  en  compte  immddlatement  et  automatiquement  toute  dOfalllance  de  run 
des  Oquipements  constitute  du  systems. 

4  - 5  -  Le  dOvelQDDement  financier 

La  comblnalson  des  ressources  limltees  du  ministers  de  la  defense  et  des  besolns 
opyratlonnels  d  tesoudre  a  conduit  d  retenlr  une  solution  Oconomique  mais 
ambltieuse  ;  I'utllisation  des  dOveloppements  les  plus  rdcents  de  I'avionlque  civile  et 
leur  adaptation  aux  besolns  mllltalres  a  permls  de  tedulre  senslblement  les  couts  et  les 
risques  comparatlvement  d  une  solution  bas6e  sur  une  Innovation  totals  dont  la  dur6e 
de  mise  au  point  se  seralt  conslddrablement  accrue. 

La  contralnte  financiers  sera  done  sans  Impact  direct  sur  I'efficacite  recherchOe  du 
systems  avlonique  nouveau. 


Ill  .  APPLICATIONS  ENVISAGES  SUB  LES  FUTURS  AVIQNS  DE  TRANSPORT  MILITAIRE 

HI  - 1  -  MOVERS  MATERlELS  oermattant  da  concavolr  un  nouveau  aoste  da  conduits  de 
coroo  militate 

1-1  -  ifl.fiflgfflfl9,.<Sijsg.urt.ltatmfi 

Seul  un  pilotage  tdte  haute  permet  de  rftsoudre  I'ensemble  des  besoins  d'lnformation 
et  de  gufdage. 

En  particular  les  phases  ddllcates  de  vol  d  vue  :  manoeuvres  de  poser  et  dScoilage 
sur  terrains  sommalres,  manoeuvres  de  largage  avec  et  sans  la  vue  du  sol, 
manoeuvres  de  largage  d  trds  falble  hauteur,  suivi  d  un  Itinerate  6  tr6s  basse  altitude 
ne  peuvent  6tre  condultes  avec  efflcacitd,  sOrete,  $6curlt6  que  si  le  pilote  assure 
slmultandment  le  contrdle  des  paramdtres  de  pilotage  et  la  surveillance  du  monde 
extdrieur. 

Une  analyse  de  champ  vlsuel  ddmontre  qu'un  contort  courant  de  pilotage  serait 
attelnt  pour  une  couverture  transversale  de  30°  et  vertlcale  de  20°  au  moins. 

Des  tetes  optlques  de  type  holographique  et  de  type  couleur  doivent  etre 
envlsogdes.  elle  sont  en  cours  de  d6veloppement. 

1  -  2  -  La  novlaatlon  d  moven  et  Iona  terme 

Les  figurations  de  navigation  en  altitude  actuellement  explores  sur  les  a6ronefs 
commerctaux  sont  immddiatement  utlllsables  dans  les  mSmes  conditions. 

Elies  ne  permettent  cependant  pas  d'assurer  la  fonctlon  suivi  de  terrain  des  que  I  on 
s'dcarte  de  ntlndralre  programme. 

Les  systdmes  de  numdrisatlon  de  terrain  permettent  aujourd'hul  d'assurer  la  fonction 
cartographie  basse  attitude  en  figurant  directement  sur  un  6cran,  le  relief,  les  contours, 
les  lignes  remarquables.  L'utillsation  d'^crans  plats  6  cristaux  liquide  permet  en  outre 
d'dliminer  I'effet,  ndfaste  poui  la  lecture,  du  soleil  direct  sur  les  tubes  cathodiques. 

Un  pilote  peut  disposer  dds  aujourd'hui  d'une  carte  couleur  6  echelle  variable  sur  un 
6cran  de  navigation.  II  pourra  done  modifier  son  trajet  en  fonction  des  menaces 
m6moris6es,  en  fonction  du  relief,  en  fonction  de  sa  destination  finale  et  compte  tenu 
du  trajet  initialement  programme. 

Un  6cran  d6d!6  d  la  navigation  dolt  permettre  au  cargo  militate  de  se  deplacer  en 
hai/e  ou  basse  altitude  compte  tenu  de  critdres  op6rationnels  memorises  avant  le 
d6collage,  voir  remls  d  jour  au  cours  du  vol. 

1  -  3  -  tq  Qggtjgn,  .  SYSt^rOQlS 

Un  moyen  de  type  EC  AM  Implante  sur  A300/600,  A  310,  A  320  est  de  nature  6  garantir  la 
securite  du  vol  et  la  flabilite  de  la  mission : 

La  surveillance  automatls6e  des  systdmes  de  bord  et  la  presentation  des  llstes  de 
manoeuvre  en  cas  de  panne,  Iib6rent  l'6quipage  des  tdches  subaltemes  de  veiile  et 
lui  permettent  de  se  consacrer  d  la  gestlon  du  vol  et  d  la  surveillance  des  elements 
spdclfiques  de  sa  mission  : 

-  Communications  avec  le  monde  ext6rleur 

-  Relations  avec  la  zone  cargo 

-  SuM  du  ddroulement  du  vol. 
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Les  systdmes  de  largages  doivent  6tre  Indus  dans  la  gestlon  assume  par  I'ECAM  en 
faisant  apparaltre  la  configuration  de  la  soute,  l'6tat  d'avancement  de  la  preparation 
au  largage  ou  encore  I'&tat  d'arrimage  du  fret  embarqu6. 

Deux  6crans  d§dl§s  6  I'ECAM  et  une  Interface  d'accds  aux  systemes  permettent 
d'assumer  la  gestlon  automatlque  des  moyens  de  bord. 

1  -  4  -  Le  control©  du  deroulement  d  I'alde  des  parometres  mission  : 

Ce  deroulement  s'effectue  d  l  aid©  des  paramdtres  mission  : 

-  Horalres  e$tlm6s  et  suM  de  I'itineralre 

-  Carburant  estlme  aux  points  cl6s 

-  Itineraires  de  repll  pr6vus 

-  Choix  des  moyens  de  localisation 

-  Reception  d'lnformatlons  m6teorologiques  relatives  aux  points  de  livraison.  relatives 
aux  aerodromes  de  destination  ou  de  replls  afln  de  r6actualiser  I’itineraire  le  cas 
6ch6ant. 

-  Reception  d'informations  op6rationnelles  relative;  d  chaque  etape  de  la  mission. 

-  Surveillance  au  poste  des  operations  de  chargement/d6chargement,  Jes 
operations  de  livraison. 

-  Comptes  rendus  au  centre  de  contrdle  opdrationnel. 

II  sera  done  ndeessaire  d'lnstaller : 

A  -  Un  moyen  de  communication  herm6tique.  en  vue  d' assurer  les  liaisons 
operationnelles  bilaterales . 

B  -  Un  moyen  video  fournissant  au  poste  une  vue  directe  sur  les  operations  de  largage 
en  cours. 

Dans  ce  but.  les  moyens  de  type  ACARS  cctuellement  utilises  dans  (aviation  civile 
peuvent  ©tre  cryptes  pour  assurer  la  transmission  de  donnees. 

Un  des  ecrans  systemes  doit  etre  utilise  au  cours  du  largage  pour  verifier  le  bon 
ddrouloment  de  la  sequence  en  cours. 


1-5-1 


Les  disposltifs  de  detection  de  menace  sont  de  aeux  types : 

-  Moyens  TCAS  developpes  dans  le  cadre  de  I'avlation  general©  pour  aler+er 
requipage  vis  d  vis  des  trafics  de  proximite  rnenagants  (en  trajnetoire)  ou  non. 

-  Moyens  de  decodag e  des  impulsions  radar  pour  en  determiner  le  caractere 
menagant  et  moyens  de  detection  de  proximite  do  missile. 
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Ces  moyens  sont  pr6sentes  actuellement  sur  des  Indicateurs  specifiques ;  ce  qui  ne 
r6pond  pas  au  besoln  identlfie  de  pilotage  tSte  haute.  Ces  menaces  doivent  etre 
pr6sent6es  de  fagon  immanquable  dans  ie  collimateur  de  pilotage  afin  de  s'lntegrer 
au  besoln  d  court  terme  de  reaction  de  l'6qulpage  :  manoeuvre  Evasive,  et  leurrage 
command^  manuellement  si  I'automatisme  n'est  pas  en  cours. 

L’autoprotection  de  I'avlon  de  transport  futur  peut  reposer : 

A  -  Sur  une  detection  ddclenchant  un  signal  sp6ctflque  sur  l'6cran  de  pilotage  tete 
haute 

B  -  Sur  un  d6clenchement  automatlque  ou  manuel  des  moyens  de  leurrage  en 
fonctlon  des  conditions  op6ratlonnelles  ambiantes :  interface  dedi6e  d  porte e  de 
main  des  deux  pilotes. 

Ill-  2  -  les  nnuvelles  Interfaces  en  cours  de  mise  ou  point 

De  nouveaux  dispositifs  de  dialogue  avec  les  calculateurs  centraux  sont  en  cours  de 
mise  au  point.  L'objectif  est  de  simplifier  I'acces  du  pilote  aux  parametres  de  gestion  du 
vol : 

-  Designation  instinctive  de  parametres 

-  Facllit§s  d'affichage  de  donndes 

-  Activation  rapide  des  modes  de  fonctionnement  autorisOs  des  systemes. 

A  -  Tablette  tactile 

Elle  permet  par  simple  touche  d'une  tablette  specifique  de  designer,  sur  un  ecran,  un 
parametre  de  conduite  (IAS,  Attitude,  ou  autre),  d'en  modifier  la  valeur  de  consigne 
par  une  manipulation  instinctive  simple  et  rapide  ne  necessitant  aucun 
apprentissage  (balayage  du  doigt  sur  la  tablette),  et  dactiver  cette  nouvelle 
consigne. 


B  -  Ecran  tactile 

Un  Ocran  plat  couleur  propose  un  menu  de  modifications  dont  l  application  est 
autoris§e  (nouvelles  valeurs  des  parametres  de  vol,  nouveaux  modes  de 
fonctionnement  des  systemes). 

La  selection  se  fait  par  simple  touche  de  la  zone  de  I’dcran  portant  la  modification 
retenue.  recran  se  reconfigure  automatiquement  en  fonction  des  actions 
pr6c6dentes  de  I'equlpage. 
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C  -  Commando  vocale 

Sa  manipulation  ne  n6ce$slte  pour  I'dqulpage  que  la  presslon  sur  un  inverseur  d6dl6 
(localise  sur  le  manche  de  pilotage  par  example). 

Elle  permet  1‘affichage  de  paramdtres  de  consignes,  I'actlvatlon  de  nouveaux 
modes  de  fonctlonnement  de  systemes. 

Elle  peut  Stre  Instance  en  redondance  d'une  seconde  Interface  manuelle  (pilots 
automatlque,  ou  afficheur  de  frequence  de  radio  communication  par  exemple). 
L’exploration  actuellement  en  cours  dolt  flnallser  une  phllosophle  d'implantation  au 
poste. 

D  -  Les  asoects  Ddnalisants  effaces  par  ces  nouvelles  interfaces 

La  redaction  de  consignes  de  vol  par  rinterm6dlalre  d'un  clavier  alphanum6rique 
6talt  apparue  p&nalisante  sur  les  CDU  m6canlques  d  tube  cathodlque  actuellement 
proposdes  par  les  6quipementlers. 

L'implantation  de  touches  dSdies  d  un  mode  de  fonctionnement  unique,  dont 
I'accds  n'est  pas  toujours  autorisy,  condulsalt  d  la  multiplication  des  commandes 
dont  certaines  ytaient  frdquemment  inhibdes. 

De  plus,  II  est  apparu  que  les  utillsateurs  n'utllisalt  qu'une  partie  des  possibilitds  des 
systemes  de  gestion  mission  du  fait  de  la  relative  complexity  d'accds  d  certaines 
fonctions. 

Ces  nouvelles  interfaces  ont  pour  objectif  d'dlimlner  ces  dfefauts. 

in  -  3  -  L'qrchltecture  nouvelle  du  posta_de  [avion,  de  traosaoil  militaiia 


3  - 1  -  Les  principes  de  conception 

Cette  architecture  doit  6tre  optimises  pour : 

-  assurer  les  fonctions  identifies  par  l  examen  du  besoin  opdrationnel, 

-  faciltter  la  tache  de  (equipage  comparativement  d  ce  qu'elle  est  aujourd'hui, 

-  diminuer  les  temps  de  formation  des  jeunes  pilotes,  et  permettre  la  conduite  du  vol  d 
deux :  un  pilots  Instructeur  et  un  pilote  en  instruction. 

-  s’intdgrer  dans  le  domains  milltalre  en  utllisant  un  systems  ARINC  numerique  BUS  1553 

Le  concept  d  retenir  est : 

-  Un  pilotage  tste  haute 

-  Une  gestion  mission  tete  basse 

-  Une  reconfigurability  maximale  en  cas  de  panne 

-  Des  MTBF  systemes  sieves. 
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3  -  2 -iflfQnc.tion  giiataoa  ngvlactten 

Le  pilotage  est  assurd  par  une  visualisation  colllmatde  en  tdte  haute  dans  un  viseur 
holographlque  d'ouverture  de  champ :  30°  x  20°  au  molns. 

La  navigation  est  assume  par  un  6cran  plat  couleur  assurant  d  la  demande  la  fonction 
cartographle,  Cheque  pllote  dispose  d'un  6cran  de  navigation. 

En  cas  de  panne  du  colllmateur,  une  Image  de  pilotage  peut  St  re  reconfigure  sur 
I'Scran  de  navigation. 

3  -  3  -  La  fonction  aestion  des.5vst.Smes 

Un  systSme  ECAM  propose  sur  deux  Scrans  tste  basse  entre  les  deux  pllotes  un  sulvi 
automatlque  des  systSmes  de  bord  :  cet  ECAM  Incorpore  en  outre  la  fonction 
chargement/dSchargement.  sulvi  du  largage  (Stat  de  preparation.  dSroulement  des 
sequences). 

3  -  4  -  La  fonction  aestion  de  la  mission 

Elle  est  assurSe  par  au  molns  une  Interface  spSciallsSe  d  disposition  de  chacun  des 
pllotes  et  qul  permet : 

-  d'assurer  les  modifications  de  plan  de  vol  (ItlnSraire,  horaire.  altitude). 

-  d'assurer  les  communications  de  contrSle  aSrlen  et  opSrationnelles. 

-  d'assurer  le  meilleur  cholx  de  localisation 

-  d'assurer  I'afflchage  et  I'engagement  des  tenues  automatiques  des  paramdtres  de 
vol 

-  d  acc6der  directement  d  la  prddiction  des  performances  de  I'avion 

-  d'accdder  a  la  connaissance  de  l'6tat  opdrationnel  de  I'avion  grace  aux  auto  tests 
internes  de  I'ensemble  avionlque. 

Ill  -  4  -  Effet  de  la  nouvelle  conception  de  condulte  avion  sur  les  performances  tfeellement 

atteintes  en  operation 

4  - 1  -  Determination  de  la  charge  offerte  optimole 

Par  nature,  I'avion  de  transport  mllitaire  n'effectue  que  peu  de  llgnes  adrlennes 
rdgulldres. 

L’&quipage  doit  recourir  au  manuel  d'exploitation  pour  calculer  sa  charge  offerte  sur 
cheque  nouvelle  6tape  de  sa  mission. 

L'lmprdcislon  de  lecture  la  complexitd  d'dlaboration  des  choix  Vl/VR,  braquage 
volets,  et  puissance  de  ddcollage,  condulsent  dvldemment  les  Equipages  d  utiliser 
une  mdthode  simpllfi6e  non  optlmale  mais  sdcurisde  par  une  reduction  syst6matique 
des  charges  offertes. 
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Le  recours  aux  calculateurs  de  bord  permet  aprds  inserslon  des  paramdtres 
opdratlonnels  du  jour  (longueur  de  piste,  coefficient  de  revdtement,  vent, 
temperature)  de  connattre  exactement  les  mellleurs  paramdtres  de  ddcollage  pour 
une  charge  marchande  donnde,  ou  de  conndltre  la  charge  offerte  maxlmale  et  les 
paramdtres  de  ddcollage  associds. 

Ce  calcul  automatlque  pourra  dtre  relterd  au  demier  moment  afln  de  rdajuster  la 
charge  embarqude  compte  tenue  des  donndes  finales. 

II  s'en  sulvra  une  reduction  d'usure  des  moteurs  pulsque  la  puissance  du  maxlmale  de 
decollage  ne  sera  plus  affichee  qua  dans  les  cas  ou  la  charge  embarquee  sera 
limitative,  et  II  s'en  sulvra  un  accrolssement  des  capacites  de  transport  rdeliement 
mlses  en  oeuvre. 

4  -  2  -  Precision  de  tenue  des.  elements  de  voi 


A  -  La  F  APEC 

Cet  6quipement  moteur  garanti  la  plus  grande  precision  des  elements  de 
conduce  moteur  pulsque  faction  du  pllote  se  resume  d6sormais  d  laffichage  de 
puissances  objectifs  et  que  le  FADEC  assure  I'automatlsme  qul  conduira  le  moteur 
vers  la  puissance  objectif  affichOe  et  selon  la  mellleure  ligne  de  fonctionnement. 

b  -  Lbs  commandes  ds  .vflLfilectitquss 

Ces  commandes  modlflent  la  notion  de  pilotage,  et  amdliorent  la  visibllite  vers  les 
panneaux  frontaux 

-  Les  commandes  classiques  permettent  un  pilotage  en  "assiette" 

-  Les  commandes  Olectriques  permettent  un  pilotage  en  trajectoire'. 

Sans  action  corrective  permanente  du  pllote,  II  devlent  done  possible  de  stabiliser 
une  trajectoire.  les  autres  paramdtres  pouvant  varier.  La  tache  de  Idquipage  s'en 
trouve  facilltde. 

c  -  La  pliQtqqe  tdta  touts 

Grdce  a  I'ouverture  de  champ  optique  considdrablement  accrue  dans  un 
colllmateur  (30°  x  20°)  par  rapport  aux  dcrans  en  tdte  basse,  la  lecture  sera 
beaucoup  plus  precise  et  la  densltd  des  informations  prdsentdes  sera  rddulte. 

La  tenue  des  dldments  de  vol  pourra  de  ce  fait  dtre  nettement  accrue  en  precision 
et  optimisde  au  cours  des  phases  de  vol  ddlicates  (poser,  largage,  ddcollage). 

La  figuration  en  tdte  haute  d’un  vecteur  trajectoire  devient  parfaitement 
homogdne  avec  les  commandes  de  voi  dlectriques. 

4~  3  z.BSdMCtten  flSS  mlnimq  rn$t&?H?l9fllqveS  n,fe$s$Qirs5  jx?tir  gne  livrqi^n 

A  -  Lhtfaison  Par  poser  ou  par  laraaae  d  trds  faible  hauteur 

II  existe  une  relation  directe  entre  la  visibility,  la  precision  de  localisation  et  le 
guldage  assure  sur  un  HUD. 


8- IV 


On  peut  done  d6finlr  des  minima  pour  chacune  des  configurations  de  localisation 
en  cours.  La  colllmation  d  I'lnflnl  garantlt  lacquisitlon  vlsuelle  la  plus  prScoce  d©  la 
piste  et  un  recalage  humaln  Immddlat  en  cas  de  besoln. 

L'approche  autonome  sans  ILS  nl  MLS  pourra  §tre  envlsag6e  avec  des  minima 
falbles  dds  qu'une  certitude  existe  sur  la  class©  de  precision  de  localisation. 


B  -  Llvralson  par  largaae 

Hors  largage  d  trds  faible  hauteur,  tous  les  moyens  d6finls  pr6c6demment  assurent 
un  guidage  pour  le  largage  sans  la  vue  de  sol,  pourvu  que  la  precision  de 
localisation  garantlsse  la  chute  de  la  charge  sur  la  zone  prfevue. 
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IV-  CONCLUSION 

L'apport  des  nouvelles  technologies  d6velopp6es  pour  I'oviotlon  commerclole  de 
transport  et  l'apport  speclflque  d'6tudes  mllltalres  en  cours  permettent  d'accroitre  le 
domalne  d'emplol  d'un  avion  de  transport  mllltalre 

-  En  garantlssant  les  meilleures  charges  offertes  de  I'avlon 

-  En  tendant  d  eiimlner  I'effet  ndfaste  des  conditions  de  visibility. 

-  En  facllltant  la  formation  des  equipages 

-  En  r£duisant  les  coGts  d’exploitation  :  equipage  d  deux,  gestlon  optimisee  des  rechanges, 
accroissement  des  temps  de  fonctlonnement  sans  panne. 

Une  cooperation  europeenne  en  vue  de  d6flnir  et  construlre  les  successeurs  des  Cl 30  et 
C  160  ne  devrait  pas  manquer  de  tenlr  compte  de  I'impact  op6rationnel  des  etudes  en 
cours. 
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..  SUMMARY 

The  continuous  growing  in  aystema/functlona  installed  in  the  modern  aircraft. 
Imposed  by  the  more  and  more  demanding  requirements  in  terms  of  performance  and  safety, 
is  leading  to  the  development  and  the  application  of  new  components  and  systems  in  the 
area  of  cockpit  indication  and  automatic  controller  integration. 

The  Cathode  Ray  Tubes  (CRT)  and  other  multifunction  display  techonologies  are 
rapidly  replacing  many  of  the  dials,  panels  and  gauaes  of  the  old  cockpit.  Artificial 
Intelligence  and  high  level  automation  arc  emerging  in  digital  avionics.  These  systems 
would  take  over  the  crew  in  many  cockpit  management  functions  such  as  reconfiguration  to 
compensate  fault  or  execute  emergency  procedures. 


This  paper  analyses  the  design  a  certification  aspects  related  to  the  adoption  of 
these  new  techonologies  and  discusses  some  aspects  of  human  factor  engineering  which 
become  an  integral  part  for  the  cockpit  design,  for  the  simbology  and  for  the  logic 
integration  of  the  function  within  the  automatic  control  and  display  system.^) 

U-ULtc^-r  .  -hrt-w.  5 v  f  f 

1.  INTRODUCTION.  _ 


Aircraft  cockpit  design  has  changed  radically  in  recent  years  and  will  continue 
significantly  in  the  next  future. 

The  changes  result  primarly  from  advances  in  c<-.«puter  and  display  technology  to 
reduce  pilot  workload  and  enhance  flight  safety.  These  developments  produce  an  impact 
on  the  pilot  interface  with  the  aircraft  system,  as  consequence  of  the  intensive 
introduction  of  system  automation  in  those  area  normally  left  to  the  pilot  controls 
fuel,  hydraulic,  electrical  systems,  avionics,  etc. 

The  flight  deck  is  the  aircrew's  primary  point  of  contact  with  the  airplane.  Unlike 
the  rest  of  the  airplane  which  is  designed  with  the  specific  objective  of  exceeding 
human  capabilities,  the  flight  deck  must  be  designed  with  the  human  limitations  very 
much  in  mind.  The  use  of  new  technology  has  been  introduced  to  reduce  pilot  workload 
and  make  flight  safer. 

The  new  technology,  particurarly  at  level  of  the  micro-  electronics,  provides  a 
greater  number  of  design  options  than  before,  such  a  way  that  the  designer  has  a  large 
capability  to  "build  up"  systems  around  "crewmen". 

In  the  past,  new  design  was  rarely  considered  entusiastically  by  the  operators, 
due  to  the  fact  that  new  systems  were  designed  taking  in  account  above  all  the 
performance  and  technical  requirements  instead  of  operators  needs  and  utilization. 
Today  trend  considers  that  new  design  and  techniques  shall  improve  not  only  systems 
performance  but  shall  tailor  pilot'B  requirement  in  terns  of  efficiency,  safety, 
comfort,  user  learning.  To  achieve  these  aims  the  following  criteria  are  to  be 
considered: 


-  the  arrangement  of  the  fligth  crew  compartment  shall  be  such  as  to  ensure  that  the 
flight  crew  members  will  be  able  to  perform  all  their  duties  and  operate  the 
controls  in  the  correct  manner,  without  unreasonable  difficulty,  Cntigue  or 
concentration; 


-  the  arrangement  of  the  crew  compartment  shall  be  such  as  to  minimize  the  likelihood 
of  injury  to  the  flight  crew  members,  both  in  normal  operations  and  in  emergency 
conditions  (included  landing). 

Clearly  the  inclusion  of  the  crewman  as  part  of  the  system  in  most  situations 
introduces  particular  problems  due  to  human  limits.  Physical  and  mental  workload,  in 
crew  members,  are  the  limits  of  the  performance  of  the  man-machine  system,  where 
machines  show  superiority  in  terms  of  speed,  power  and  the  ability  to  perform  multiple 
activities  simultaneously.  Therefore  man  and  machine  must  match  their  limitations  and 
capabilities  in  order  to  be  considered  complementary  rather  than  competitive. 

in  common  with  most  of  the  next  generation  of  civil  aircraft,  the  military  aircraft 
should  have  a  flight  deck  which  can  be  operated  by  two  pilots  only.  The  impact  of  this 
requirement  on  the  overall  flight  deck  design  concerns  primarly  the  cockpit  accomodation 
and  consequently  the  automation,  in  such  a  way  that  functions  previously  operated  by 
F/E,  Navigator  and  other  crew  men  can  be  centralized. 

Research  and  industrial  application  are  introducing  a  defined  technology  that  is 
based  on  the  utilization  of  sensors,  displays  and  keyboards  to  simplify  and  reduce  crew 

ni  ft  9. a  0  53  .91-08828 


9-2 


workload  and  minimize  cockpit  alia.  New  screen  technology  (flat  panala,  BUD, 
Touch-aanaitlva) ,  Araa  Keyboards  with  Dlraot  Digital  Raya  and  Dlract  Voica  Inputs, 
Mioreptocaaaor  Controlled  Systems  aa  JTllght  Managaaant  System  (RMS) ,  Ground  Proximity 
Warning  Pystem,  Cantrallaad  Alart  Monitoring  System  (AM8)  and  Dlaplay  Automation  (DA) 
will  permit  to  eliminate  the  third  craw  member,  providing  the  pilota  with  all  tha 
information  and  aids  neceasary  for  a  aafa  flight.  The  use  of  cockpit  automation  will 
improve  pilot  workload  reduction  too.  Around  thla  basic  '•core",  cockpit  configuration 
can  enhance  to  ensure  effective  application  of  mission  requirement  to  flight  deck 
design. 

This  paper  lntenda  to  discuss  tha  problama  associated  to  the  application  of  an 
Automatic  System  Controller  (ASC)  integrated  with  on  Automatic  Monitoring  and  Alarting 
System  (AMAS). 


2.  PILOT  AND  AUTOMATION . 

Pilot's  role  and  task  are  radically  changad  with  respect  to  those  ones  that  thay 
have  had  in  the  previous  generation  of  alrcrat. 

The  continuous  growing  of  the  systems  complexity  has  introduced  a  lot  of  knobs, 
switches,  gauges  and  lights  to  operate  and  monitor  the  system)  this  contributed  to 
augment  pilot 'r  workload.  In  the  new  cockpit  the  manual  controls  are  diminishing  and 
will  continue  to  diminish,  they  will  remain  only  as  backup  for  safety  considered  tasks. 

This  introduces  other  problems  and  questions  regarding  ciew  takeover  of  control  and 
training  retention.  The  pilot  will  be  no  longer  in  control  of  the  aircraft,  but  will  be 
essentially  a  "flight  manager"  and  a  "supervisor"  of  the  System  Controllers  which  are  in 
charge  for  him.  Pilots  have  the  information  to  make  decision  instead  of  data  to 
analize. 

Cockpit  automation  is  addressed  to  exclude  the  pilot  from  the  "information  loop"  so 
compromises  were  made  to  keep  the  pilot  active.  The  major  human  factor  concern 
expressed  by  pilots  and  other  critics  on  the  introduction  of  the  automation  in  the 
cockpit  is  how  "keep  the  pilot  in  loop". 

An  answer  to  this  important  problem  could  consist  in  providing  the  crew  with  a 
different  and  major  amount  of  information  utilizing  electronic  displays  or  interactive 
monitors,  see  figure  i. 


3.  DISPLAY  AUTOMATION  AND  SYSTEM  AUTOMATION. 

3.1  General. 

In  the  control  theory,  automation  means  that  human  function  is  replaced  with  machine 
functioning.  In  the  specific  application  to  the  cockpit,  automation  means  that  some 
tasks  before  performed  by  the  pilots  are  operated  by  computerized  machine. 

The  pilot  is  assuming  the  role  of  manager  and  supervisor  in  the  new  automated 
cockpit.  It  is  essential  in  this  described  picture  that  the  pilot  can  taxe  over  on  the 
machine  if  he  judges  that  it  is  acting  unsafely. 

The  tasks  normally  considered  for  automation  application  in  cockpit  of  the  last 
generation  where  essentially  control  type  function,  such  as  flight  path  guidance, 
electrical  distribution  management  and  environmental  control. 

The  aircraft  of  the  newest  generation  incorporates  automation  in  many  other  areas 
like  power  plant  (PADEC),  navigation  ( FMS )  etc.  Reasons  for  this  rapid  development  can 
be  identified  by  the  following: 

-  Technology  available. 

-  Safety  requirements. 

-  Increased  Workload. 

-  complex  requirements  for  military  missions. 

Technology  available. 

The  microprocessor '’revolution  and  the  development  of  reliable  high  resolution 
displays  certainly  are  the  principal  responsible  of  this  development. 

Safety  requirements. 

The  effort  of  the  designer  to  enhance  the  safety  of  critical  functions  results  in  an 
increased  number  of  functions  been  automated,  especially  in  those  cases  where  the 
accident  investigation  proved  that  the  primary  responsibility  of  the  accident  was  human 
error . 

Increased  workload. 

The  increase?  number  of  tasks  demanded  to  the  pilot  in  the  flight  of  the  modern 
civil  and  military  aircraft  produced  an  unacceptable  level  of  workload.  Certainly  the 
automation,  alleviating  the  pilot  of  part  of  tl  -i  tasks,  is  used  to  reduce  the  final 
workload. 

Complex  requirements  for  military  missions. 

The increased  demands  for  special  mission,  involving  a  multitude  of  countermeasure 
and  reconaissance  system,  whose  operation  is  some  time  beyond  the  human  capability, 
requires  to  introduce  a  lot  of  automation  in  the  new  developped  systems. 
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3.2  Display  automation. 

.  anticipated  in  previous  paragraphs!  tha  increased  automation  requires  tha 
introduction  of  naw  oonoapt  in  tha  cookpit. 

c°ncaption  of  tha  "glass"  cockpit  baaad  on  computer  drivan  Cathoda  Ray 
Tube  (CRT),  haa  allowed  to  go  beyond  tha  constraint  of  conventional  electromechanical 
instruments  and  of  lamps  type  annunciators,  that  are  limited  in  what  they  can  do  and 
prtitnc • 

The  incredible  flexibility  of  tha  electronic  displays  allows  tha  designer  to  inform 
the  pilot  of  what  are  tha  actual  limits  for  the  system  at  the  moment  and  to  present  the 
informations  in  format  never  used  beforet  symbols,  colors  text  and  graphics,  resulting 
in  pictorial  of  the  system  presented  clear  and  unambiguous.  This  presentation  reduces, 
if  not  eliminates,  the  need  of  interpretation  of  the  status  of  the  system. 

The  figure  2  shows  an  example  of  synoptic  associated  to  a  generic  system  that  can  be 
presented  on  an  electronic  display. 

Particular  cart  is  required  in  evaluating  the  amount  of  information  to  present  to 
the  crew  in  the  specific  flight  time  frame.  There  ia  a  serious  risk  that  the  pilot  can 
be  over  loaded  with  the  presented  informations,  not  always  necessary  for  that  particular 
situation,  but  absolutely  required  in  case  of  system  failure  or  automatic  system 
reconfiguration  (fig. 3).  In  fact,  with  "soft"  displays  the  pilots  can  select  or 
deselect  dedicated  "Page"  of  the  system  examtnated  and  find  all  kind  of  information 
required.  This  introduces  another  kind  of  automation!  "display  automation". 

The  concept  behind  this  definition  is  "do  not  tell  the  pilot  every  thing  but  what  he 
needs  when  he  needs",  of  course  leaving  to  him  the  authority  for  reguesting  more  detail, 
operating  particular  selections  if  the  phase  of  flight  permits.  This  concept  is 
realized  in  the  definition  of  a  new  philosophy  of  caution  and  warning  system  as 
described  in  the  next  paragraph. 


3.2.1  Automatic  Alerting  and  Monitoring  System. 

The  main  function  of  an  alerting  system  is  to  monitor  the  aircraft  systems  and  to 
inform  the  crew  if  a  failure  occurs  or  if  an  unsafe  condition  is  reached.  As  a 
consequence  of  the  major  automation  Introduced  in  the  aircraft  system,  design  of  the 
alerting  system  is  changed. 

"Keep  the  pilot  in-Lhe-loop"  if  means  inform  the  pilot  of  the  status  of  the  system, 
also  means  to  let  the  pilot  know  what  the  automatic  system  is  doing,  or  in  case  it  is 
taking  an  action,  if  that  is  the  one  is  supposed  to  be  done.  In  other  words  it  helps 
the  pilot  to  monitor  the  "good"  functioning  of  the  ASC.  This  implies  that  the  alerting 
system  must  be  designed  to  be  capable,  in  case  of  a  generic  aircraft  failure,  to  inform 
the  crew  in  two  different  ways  in  relation  of  the  ASC  operation,  as  illustrated  in 
figure  4s 

a)  the  failure  occurred  and  the  result  of  the  corrective  action  taken  by  the 
automatic  system  controller 

b)  the  failure  occurred  and  the  corrective  action  to  be  taken  by  the  crew. 

The  ubq  of  the  electronic  displays  greatly  increased  the  possibility  to  define 
different  message  levels  with  different  meaning  in  terms  of  pilot  action  required  (as 
defined  in  ARP  450D)  using  color,  shape  and  symbols. 

The  alert  are  generally  classified  in  four  different  categories: 


Level  3:  associated  to  failures/conditions  requiring  immediate  crew  awareness 
and/or  immediate  crew  action. 


Level  2:  alerts  requiring  immediate  crew  awareness  but  delayed  action. 


Level  1:  alert  indicating  status  or  system  malfunctions  not  requiring  immediate 
awareness  nor  crew  action.  In  this  category  are  the  messages  associated 
to  the  automatic  reconfiguration. 


Level  0:  indications  related  to  selection  considered  normal  for  a  short  time. 


Associated  to  the  categorization  Indicated,  different  shape  and  color  is  attributed 
to  the  displayed  messages,  in  order  to  facilitate  the  crew  recognition. 

The  level  3  are  presented  in  red,  where  the  level  2  and  1  are  amber,  and  in  order  to 
clearly  inform  the  crew  that  an  'Ction  is  required  a  different  shape  is  also  used  (box 
around  the  message  or  different  s;  ibol  in  the  first  position  etc.). 

Because  of  the  flexibility  offered  by  the  new  displays  and  computerized  equipment, 
the  number  of  messages  will  easy  reach  the  many  hundreds.  A  new  problem  is  to  be 
solved:  cluttered  display  in  case  of  cascade  of  failures.  To  solve  this  problem  is 
necessary  to  Identify  for  each  failure  the  "genealogical  tree",  in  other  words  the 
fallure(s)  generating  and  the  one(s)  that  is  generated.  Then  we  have  to  build  a  grid  of 
inhibitions  that  allows  to  display  to  the  crew  the  message(B)  associated  to  the 
originating  failure  only. 

This  feature,  based  on  the  "most  significant  alert"  concept,  results  in  a  help  for 
the  pilot  and  contributes  to  reduce  the  workload. 

To  give  an  example,  in  case  of  an  electrical  bus  failure,  many  other  system  powered 
by  that  bus  will  fall,  resulting,  in  the  old  cockpit,  in  a  number  of  indicators 
illuminated,  and  the  capacity  to  find  the  originating  problem  and  to  apply  the 
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appropriate  procedure  depend*  on  the  crew  ability. 

Using  the  new  concept,  the  computer  ia  programmed  in  a  way  that,  in  cane  of  the  above 
failure  only  the  "generator  hue"  failure  ia  preaented  to  the  crew  on  the  main  alert 
list,  where  the  consequent  failure*  are  indicated  in  a  aacondary  alert  liat. 

The  pilot  will  have  to  apply  the  correct  procedure. 

Thie  proceaa  of  "inhibiting*  the  alerta  when  they  are  consequence  of  other  failure*, 
1*  extended  alao  to  the  caae  when  the  alert  (the  failure  condition)  ie  normal  for  that 
statue  of  the  ayataa. 

A*  an  example,  beoauae  it  ia  normal  to  have  engine  oil  preeaure  low  when  the  engine 
la  not  running,  the  aesoclated  message  ia  inhibited  during  that  condition.  The 
application  of  the  above  concepts  associated  to  the  use  of  programmable  displays,  where 
the  maasagae  are  written  in  clear  letters,  improves  the  recognition  of  an  anomalous 
condition,  eliminates  the  possibilities  of  a  misinterpretation  and  contributes  to  reduce 
the  workload. 


3.3  System  automation. 

As  anticipated,  we  are  going  to  discuss  the  automation  aaaociated  to  the  utility 
systems  of  the  airplane.  The  benefits  of  this  type  of  automatic  control  can  be 
indicated  in  increased  safety  and  reducad  workload.  The  crew  operation  of  these  systems 
can  be  divided  in  two  different  types i 

a)  Normal  operation:  for  example  the  activation  of  fill  fuel  pumps  to  balance 

the  airplane  or  adjust  the  center  gravity. 

b)  Abnormal  procedures:  for  example  turn  off  a  failed  component. 

The  first  idea  is  to  replace  the  paper  check  list  with  one  electronically  generated 
and  presented  on  a  dedicated  display. 

The  pilot  has  not  to  find  the  procedure  to  be  applied  to  the  specific  failure,  the 
computer  will  find  for  him.  The  auto  selection,  taking  in  account  the  phase  of  flight 
and  the  prioritisation  for  multiple  failure,  can  be  considered. 

The  result  Is  an  high  complexity  with  a  little  workload  saving  and  no  safety 
increase.  The  pilot  manually  takes  corrective  and  delayed  action  and  no  clue  for  the 
pilot  if  is  pushing  the  wrong  button. 

The  other  solution  is  to.  Implement  the  normal  and  abnormal  "procedure”  in  a 
microprocessor  based  system  in  order  to  completely  discharge  the  pilot  of  the  task  to 
operate  these  aircraft  systems.  The  problem  to  be  solved,  in  this  type  of  approach,  is 
the  protection  of  the  aircraft  against  possible  unsafe  conditions  caused  by  erroneous 
actions  taken  by  the  automatic  controller,  without  crew  capability  to  be  aware  of 
recovery.  An  indipendent  Alerting  System,  which  monitors  the  ASC  operations,  and  a 
series  of  hardware  and  software  protections  can  be  the  answer. 

The  reversion  to  the  totally  manual  mode  of  operation  shall  be  guaranteed  to  the 
crew  in  any  condition  and  even  the  ASC  shall  revert  to  the  manual  mode  if  a  predefined 
unsafe  configuration  for  that  system  is  recognized. 

If  the  total  loss  of  the  hydraulic  power  is  considered  a  critical  condition,  the 
controller  shall  revert  to  the  manual  mode  of  operation  if  the  next  required  action 
causes  that  condition,  the  manual  reversion  shall  always  be  associated  with  a  predefined 
aircraft  system  reconfiguration  considered  safe.  The  figure  5  illustrates  schematic 
architecture  for  an  Automatic  System  Controller,  integrated  with  displays  and  overhead 
panel . 

Each  system  controller  has  two  identical  channels,  with  same  microprocessor  and 
using  the  same  software.  Only  one  channel  is  in  control  at  all  time,  with  the  other  one 
in  "stand-by". 

When  a  failure  is  detected  the  channel  in  control  switches  to  the  other  one.  If 
both  channels  fail  the  controller  reverts  to  manual.  To  avoid  the  risk  of  the  aircraft 
completely  operated  manually,  separated  controller  for  each  system  has  to  be  considered. 
But  the  next  step  will  be  many  controllers  located  in  a  same  "fail  safe"  computer  with 
the  advantage  of  simplified  interface  between  the  different  systems. 


4.  CONCLUSIONS . 

Today  the  pilot  is  a  supervisor  of  the  automatic  systems  and  his  workload  needs  to 
be  reduced-  therefore,  design  engineers  are  gathering  certain  operational  decisions  into 
the  software  to  allow  pilots  to  decide  what  the  system  automation  have  to  “tell"  him, 
above  all  fl'ght  phases,  during  critical  phases  such  as  takeoff  or  systems 
reconfiguration  aiter  a  failure. 

Although  we  hava  described  many  real  benefits  to  be  derived  from  automation,  it  is 
not  sufficient  justification  for  doing  so  everywhere  and  everytime.  In  some  instances, 
the  decision  to  automate  some  or  all  of  the  components  of  a  man-machine  system  is  based 
on  a  desire  for  increased  safety  or  reliability,  by  reducing  the  opportunity  for  human 
error.  Automation  may  derive  also  from  a  desire  to  avoid  excessive  workload,  or  may  be 
provided  to  improve  performance.  Finally,  there  may  be  economic  reasons  for  automation 
such  as  fuel  efficiency,  reduction  In  crew  complement  and  reducing  maintenance  or 
extensive  ground  support. 

Some  of  the  potential  reasons  for  automation  include  a  reduction  in  operator  skills 
and  systems  understanding,  but  limiting,  on  the  other  hand,  operators’  abilities  to 
respond  in  a  timely  way  when  the  unexpected  occurs.  In  addition,  operator  inactivity 
might  be  increased  by  automation. 


Son*  of  that*  problem  night  bn  avoided  by  Applying  Autonation  nor*  nnlnctivnly  by 
providing  operators  with  additional  training  or  naaningful  aetivitina  to  naintain  their 
involvement  in  th#  ayatnn  control.  Opnratora  nuat  avaluat*  th*  autonatnd  ayatanai  if 
tha  ayatan*  ar*  safe,  raliabl*  and  allow  opnratora  to  lntaract  naturally  with  th*  atat* 
of  th*  ayatan,  nany  potential  problem  night  bn  avoidnd. 

In  .h*  future,  th*  ua*  of  touch-aerann  control*  nay  inprov*  pilot*  confidence  with 
system*  baacaua*  it  will  be  naaler  th*  utiliaation  of  th*  diaplay  *****  by  touching  a 
acrean  than  entering  data  with  a  keyboard  *9  the  currant  technology  pnrnita. 

in  conclusion,  what  ha*  bann  discussed  and  dnacrlbad  represents  today  atata-of-art, 
in  eon*  of  tha  noat  nodarn,  both  military  and  civil,  application*.  Clearly,  due  to 
lncreeeed  ua*  of  electronic*,  new  thnorle*  and  design  could  aria#  In  a  near  future  and 
cockpit  design  »rd  autonetlon  application  could  continue  to  change  et  a  *awtft  pace*  to 
procea*  coaplea  integration  in  display  information,  function  selection  end  control*. 
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The  C-17  aircraft  undar  development  will  have  a  worldwide  airlift  alaalon  In  both 
coabat  and  paacatlna  environments .  With  only,  two  pilots  In  tha  cockpit,  (eliminating 
the  navigator  and  flight  engineers,  standards  of  Military  Airlift  Coaaand  (MAC) 
operations)  design  and  tasting  auet  be  logically  thought  out  and  executed  to  enhance 
nisslon  coapletlon  and  reduce  tha  pilot's  workload,  Nuaerous  tast  facilities  are  being 
used  to  test  the  state-of-the-art  avionics,  Its  Interface  with  the  pilots,  and  the 


ability  of  the  pilots  to  accoapllsh  this 

1.  C-17  MISSION  AND  CREW  CONCEPT 
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The  C-17  advanced  transport  being  developed  by  Douglas  Aircraft  Corporation  (DaC), 
Long  Beach,  California,  will  be  a  four  engine  turbofan  aircraft  capable  of  airlifting 
large,  outelse  payloads  over  Intercontinental  ranges  with  or  without  aerial 
refueling.  Thus,  the  C-17's  nisslon  la  worldwide  airlift  of  US  conbat  forces, 
equipment,  end  supplies.  The  C-17  will  deliver  passengers  and  outsi se/overslxe/bulk 
cargo  over  intercontinental  distances,  provids  theater  and  atrateglc  airlift  In  both 
the  air-land  and  airdrop  nodes,  snd  augnant  aaroeedlcal  evacuation  and  special 
operations  missions.  It  will  provide  the  flexibility  to  easily  transition  between 
these  delivery  nodes  by  allowing  rapid  Inflight  reconfiguration.  Its  biggest 
contribution  to  the  present  airlift  syaten  will  be  long  range  delivery. 


The  direct  delivery  characteristics  of  the  C-17  offer  an  important  additional 
advantage.  The  C-17  can  routinely  operate  in  the  theater  role  currently  limited  to 
the  C-130  and  dramatically  lnprovsa  atrateglc  deployment  capability  as  well  as 
theater  movement  of  forces  and  sustainment.  The  C-17  offers  warfighting  commanders 
the  flexibility  to  respond  to  both  theater  and  strategic  airlift  requirements.  One  of 
the  unique  roles  for  the  C-17  Is  the  delivery  of  outslse  combat  equipment/cargo 
directly  Into  a  austere  airfield. 


There  are  numerous  significant  features  on  the  C-17  that  take  advantage  of 
advances  In  today's  technology.  These  Include  the  following:  supercritical  wing  design 
and  wlnglets  to  reduce  drag,  increase  fuel  efficiency  and  range  and  minimise  the 
amount  of  ramp  specs  required;  receiver  Inflight  refueling  capability;  externally 
blown  flap  configuration,  direct  lift  control  spoilers  and  high  Impact  landing  gear 
system,  which  contribute  to  the  aircraft's  capability  to  operate  Into  and  out  of 
small  austere  airfields;  forward  and  upward  thrust  reverser  system  that  provides 
backup  capability,  reduces  the  aircraft  ramp  space  requirements,  and  minimises  tha 
interference  of  dust,  debris,  and  noise  on  ground  personnel  activities;  cargo  door, 
ramp  design  and  cargo  restraint  systems  that  are  operable  by  a  single  loadmaster  and 
permit  Immediate  equipment  offload  without  special  handling  equipment;  two  nan 
cockpit  with  cathode  ray  tube  (CRT)  displays  that  reduce  complexity  and  Improve 
reliability;  a  mission  computer  to  manage  pilot  workload,  navigation  tasks,  and 
Integrate  all  avionics  Inputs;  maximum  use  of  bullt-ln-test  (BIT)  features  to  reduce 
maintenance  and  troubleshooting  times;  and  walk-ln  avionics  bay  below  the  flight 
deck  that  Improves  accessibility.  (See  Appendix  A) 


Two  requirements  drove  the  cockpit  design;  short  field  landing  and  life  cycle  cost. 
Short  field  landing  with  a  large  transport  aircraft  means  being  able  to  routinely  land 
and  stop  In  3000  feet.  To  accomplish  this,  the  aircraft  must  reliably  touchdown 
as  close  as  possible  to  the  leading  edge  of  the  runway.  This  allows  the  aircraft 
to  use  all  the  remaining  runway  to  stop  the  ground  roll.  Experience  on  the  DAC  YC-15 
program  In  the  1970'a  demonstrated  that  pilots  could  land  significantly  closer  to 
the  runway  leading  edge  b7  using  a  steeper  3  degree  glide  slope  rather  than  the 
normal  3  degree  glide  slope.  The  pilots  had  to  "aim"  the  aircraft  and  fly  lt  to  a 
spot  on  Che  ground.  This  technique  required  the  use  of  a  Read-Dp  Display  (HUD). 
Life  cycle  cost  was  reduced  by  decreasing  the  number  of  crewmembers  and  increasing 
the  reliability  of  the  information  systems,  l.e.,  computers  and  electronic  displays. 
This  required  greater  ln-cockplt  visibility,  made  the  yoke  obsolete,  and  In 
essence,  made  the  cockpit  overhead  panel  become  the  flight  engineer. 

A  key  critical  feature  that  resulted  from  reducing  the  life  cycle  cost  la  the  two 
pilot  cockpit  concept.  By  fully  Integrating  and  simplifying  pilot  tasks,  two  pilots 
can  handle  the  requirements  of  both  the  diverse  missions  described  above.  The  key 
point  Is  to  obtain  confidence  thst  the  two  pilots  can  In  fact  handle  all  requirements 
before  actually  flying  the  aircraft.  This  will  be  accomplished  through  a  thorough 
ground  test  program  with  the  pilots  as  an  Integral  part  of  the  evaluation  process. 


In  order  to  prepare  for  the  pilot  teaks  and  workloads  to 
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be  exhibited  In  both 
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developmantal  (DT4E)  and  operational  taat  and  avalisation  (0141),  tha  pllota  nnat  4a 
an  Integral  part  of  tha  ground  stating  and  development  affort.  Thla  nnat 
includa  not  only  DAC  pllota,  but  taat  pllota  and  operational  pllota  fron  tha  "unmr." 

"Pllot-ln-tha-loop*  tatting  la  aaaantlal  bafara  actual  flight  teat.  To  thla  and, 
tha  Air  Force  and  DAC  have  developed  and  uaad  nunaroua  alaulatlon  device*  for  advanomd 
DT4I  pilot  avaluatlona.  Notion  baaad  alnulatora  (PAC'a  Notion  baaad  Slaulator, 
NASA' a  Vortical  Notion  Slaulator,  and  tha  Air  Torca  Plight  Taat  Cantor 'a  Taat  and 
Evaluation  Miction  Planning  81nulator)  arc  being  uaad  to  avaluata  tha  pilot  and  flight 
control  systens  Interplay,  An  Intagratad  Dlaplay  Davalopaant  Station  (IDDS)  la 
balng  uaad  to  avaluata  pilot  workload,  dlaplay  ayabology  uaafulnaaa,  and  hunan 
factora,  A  pilot-ln-tha-losp  alaulator  to  avaluata  all  software,  avlonlea,  and  tha 
pilot  lntarfacaa,  la  praaant  in  tha  Plight  Hardware  Syatea  ( PH8 ) ,  Tha  Plight 
Control  Syatan  Slaulator  (PCSS)  la  tooting  actual  pilot  Inputa  to  aaohanleal, 
hydraulic,  and  alactrlcal  coaponanta  and  thalr  raaponaaa, 

Tha  aggragata  oi  all  thaaa  facllltlaa  and  thalr  aaaoclatcd  avaluatlona  and 
taata  la  loading  to  tha  thorough  praparatlon  of  tha  C-17  for  actual  flight  oparatlona, 
Tha  cockpit  daalgn  and  utility  hava  baan  avaluatad  and  pilot  workloads  have 
baan  detailed,  elapllfled  and  raflnad.  Tha  flight  control  ayatan  and  pilot  lntarfaca 
is  balng  avaluatad  and  tha  total  ayatea  Integration,  to  Includa  pllota,  will  hava 
been  thoroughly  axplorad  before  flight  taat.  Thla  type  of  attention  and  pilot 
lnvolveaent  will  aaka  tha  C-17  aalnantly  qualified  to  parfora  lta  aultltudlnoua 
rolaa.  Thla  paper  will  daccrlba  thaaa  facllltlaa  and  tha  aaaoclatad  pilot  avaluatlon 
technlquaa . 

11.  THE  C-17  COCKPIT 

The  C-17  cockpit  haa  bean  deelgned  to  reduce  tha  nuaber  of  crewaeabera  on  Military 
Airlift  Coaaand  (MAC)  alaalona.  Thua  a  pilot  and  co-pilot  will  handle  all  piloting 
raeponelbllltlaa  aa  wall  aa  thoae  prevlouely  accoapllchad  by  a  navigator  and  a 
flight  anglnaar.  Thua,  the  MAC  pllota  will  naad  a  aora  aophla 1 1  cat  ad  cockpit 
which  can  paralt  chea  to  aaintaln  the  proper  altuatlonal  awaraneaa  and  atlll 
aucceaafully  parfora  thalr  nlaaion.  The  Introduction  -  of  a  HUD  aa  tha  prlaary 
flight  lnatruaant  and  a  "glean  cockpit",  ona  containing  nnny  coaputara  and  CRT 
dieplaya,  are  being  uaad  to  reduce  tha  pilot  workload.  (Sea  Appendix  B) 

a.  Currant  Configuration 

The  heart  of  thla  cockpit  daalgn  la  tha  Miaalon  Coaputar  (MC),  which  enablaa 
tha  C-17  pllota  to  handle  the  ayrlad  of  taaka  required  to  accoapllah  their  nlaaion. 
Three  redundant  MCa  continually  croaa-chack  each  other  and  can  provide  the  pllota 
with  Inforaatlon  on  flight  planning,  ayatea  performance,  aircraft  and  avlonlea  atatua 
and  execute  required  functlone  to  accoapllah  tha  alaalon,  e.g.,  navigation.  Thaaa 
coaputara  are  acceaaed  manually  ualng  a  keyboard. 

The  cockpit  la  arranged  for  optlaua  vlelblllty  of  all  dlapleye,  lnatruaanta,  and 
controla  by  either  pilot.  (Figure  1)  Tha  lnatruaant  panela  are  deelgned  with  a 
"dlaplay  by  exception"  philoeophy,  l.e.,  ochar  than  prlaary  dieplaya,  only 
awltcha,  llghte,  or  lnatruaanta  that  Identify  aa  out-of-tolaranca  condition  will  ba 
lit.  The  aoat  obvloua  cockpit  daalgn  featuraa  are  aa  follow: 

-  The  uaa  of  a  HUD  la  to  provide  tha  pllota  with  vlaual  guidance  for 
preclae  flight  path  control  and  alnlnal  touchdown  dlapertlen.  The  HUD  la  a  prlaary 
flight  lnatruaent  permitting  the  pllota  to  aaintaln  vlaual  reference  outaida  tha 
cockpit  during  critical  phaaea  auch  aa  landlnga,  combat  extractiona  and  the  Low 
Altitude  Parachute  Extraction  Syatea  (LAPES)  alaalona. 

-  The  uaa  of  control  aticka  rather  than  yokea  to  provide  the  pllota  with  a 
better  view  of  flight  lnatruaenta  and  dieplaya. 

-  Four  Multi-Functional  Dieplaya  (MFDa)  that  provide  nlaaion  and  aircraft 
inforaatlon.  (See  Appendix  D)  Tha  MFDa  can  ba  eat  for  five  baalc  formate  with  aubmodaa 
for  four  of  thaaa  aa  follow: 

HFD  Functions 


Prlaary  Flight  Dlaplay 
Navigation  Display 


Flan  Position  Indicator 


Engine 


Configuration 


Subnoda 

Nona 

Nap 

Chart 

Compete 

Station  Kasplng 
Radar 

Normal 

Expanded 

Secondary 

Surface  positions 
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Standby  indicators  for  attitude,  altitude,  atrapaad,  angina  and  other  flight  critical 
condition*  may  ba  uaad  If  tha  MFD*  ar*  displaying  othar  information. 

b.  Evolution  of  Daalan 

Th*  cockpit  configuration  was  tha  raault  of  gradual  avolutton  and  analysis,  It 
lnvolvad  flva  altarnata  configurations  with  aany  variation*  of  each.  Tha  baalc 
conaola  configuration  (Flgura  2)  Included  tha  four  CRT*  for  th*  Mlaaion  Computer. 
Tha  key  to  th*  cockpit  davalopaant  haa  ba’an  th*  lncrsaaad  aaphaal*  placed  on  th*  HUD 
aa  tha  prlaary  flight  instrument.  It  la  tntagral  to  pilot  tasks,  not  an  ancillary 
lnstruasnt, 

Th*  C-X  propoaal  cockpit,  presented  in  January  1981,  (Figure  3)  Included  atn 
nB"  alaa  (1,*.,  4"  x  4"  glaaa  alee)  CRT*  in  grouping*  of  two.  Thaa*  CRTs  would 
sake  th*  C—  1 7  cockpit  a  state-of-the-art  glaaa  cockpit,  Thla  cockpit  Included 
dual.  Halted  capability  HUDS,  which  war*  only  Visual  Approach  Monitors  (VAMa), 
Halted  to  VFR  Approaches  where  th*  pilot  can  aaa  tha  ground.  It  uaad  a  stabilised 
horlaontal  line,  depressed  for  tha  approach  angle,  to  aonltor  hi*  gild*  path.  Tha 
displays  were  grouped  tn  Vertical  Situation  Display*  (VSDs)  and  Horlaontal 
Situation  Display*  (HSDs).  Th*  VSD  and  HSD  displays  were  fixed  and  could  not  be 
changed.  The  VSD  contained  prluary  flight  data  Ilka  altitude,  attitude,  a.frapeed, 
and  heading.  Th*  HSD  gava  a  overhead  uap  display  with  waypoints,  coapaas,  and  heading 
inforaatlon  and  lataral  deviation. 

Evaluation ' of  th*  C-X  arrangeaant  revealed  Halted  switching  capabilities  between 
th*  CRTs,  Inadequate  CRT  display  alee,  Installation  probleat,  and  lack  of  pilot 
flexibility.  Subsequently,  four  new  arrangeaant*  ware  proposed  and  evaluated  during 
1984. 

The  first  alternate  coaprlaed  tie  CRTs  In  group*  of  two.  Four  wars  D  (6"  x 
6"  glaaa  alt*)  CRTs  and  two  were  B  CRT*.  The  proposed  HUD  reaalned  unchanged  (figure 
4).  Two  VSDs  and  two  HSD*  were  aad*  th*  larger  D  CRT  while  the  two  aaallar  8  CRT* 
were  changed  to  MFDa.  Theta  MFDa  were  capable  of  switching  between  different  display 
foraatt.  A  second  alternative  used  six  D  CRT*  next  to  aach  other  (Figure  5). 
Again,  there  were  two  VSDs,  two  HSDs,  and  two  MFDa,  but  all  were  now  the  large  alts 
CRT. 


Both  of  thes*  alternatives  put  HSD  and  VSD  on  a  larger  fornat  and  allowed 
peripheral  pushbutton*  on  tha  D  display.  However,  th*  coat  was  the  aoat  expansive  of 
all  alternative*  and  th*  cockpit  appeared  crowded.  There  waa  no  space  for  growth 
on  the  lnatruaant  panel  and  the  2D-2B-2D  foraat  presented  1 nt e rchangaabl 1 1 t y  problem* 
due  to  noncoaaon  CRT*.  It  moved  standby  Instruments  to  on*  aide  and  delated  one  sat  of 
standbys . 

The  third  alternative  used  5D  CRT*  (Figure  6),  with  two  VSDa,  two  HSDs,  and  one 
MFD.  The  HUD  reaalned  the  Halted  capability  VAM  froa  the  propoaal.  This 
configuration  offered  all  th*  advantages  of  the  previous  two  alternatives,  plus 
allowed  apace  for  growth,  bigger  D  display*  at  all  positions.  Interchangeability,  and 
a  convenient  grouping  of  pilot  essential  lnstruaants  around  the  MFD.  However,  cost 
was  still  high  and  th*  five  CRT  arrangement  lad  to  an  undesirable,  unbalanced 
arrangeaant.  It  presented  only  one  CRT  common  to  both  pilots  and  still  deleted  one 
set  of  standby  lnstruaants. 

Tha  final  alternative  presented  four  MFD*  using  the  D  CRT  (Figure  7).  The 
1-2-1  arrangement  allowed  pilot  flexibility,  reduced  th*  total  nuaber  of  CRT*, 
balancad  th*  arrangaaent,  reduced  pilot  workload  and  providad  growth  space  and 
apace  for  dual  sets  of  standby  instrument*.  It  allowed  dual  standby 
Instruments.  Additionally,  thla  alternative  proposed  fully  capable  HUD*,  a  new  idea 
for  transport  aircraft.  Thla  full-up  HUD  would  Include  functions  necessary  for 
the  C-17  mission,  l.e.,  guidance  for  I.AFES,  and  approach  guidance  Into  Saall 
Austere  Fields  (SAAF ) ,  allowed  full  envelope  head  up  operation,  provided  additional 
alsalon  capability  and  still  retained  HUD  growth  capability.  However,  DAC  was 
uncertain  tha  Air  Force  would  accept  the  full  capability  HUD.  Additionally,  DAC  would 
have  to  pioneer  by  developing  the  HUD  foraat  for  a  large  transport  with  the  C-17's 
tactical  alaslona. 

Thla  laat  alternative  was  accepted  by  the  Air  Force  In  1985  and  is  basically 
today's  C-17  cockpit  arrangeaant.  This  arrangeaant  allows  all  raquired  operations, 
redundant  capability  through  th*  MFDa,  batter  pilot  accessibility,  reachability  and 
readability,  less  LRU*  with  more  interchangeable  parts,  and  flexibility  for  future 
growth.  Th*  HUD  has  become  th*  prlaary  flight  display.  The  pilot  flying  the 
C-17  uses  the  HUD  and  has  his  Navigation  Display  head-down,  1.*.,  does  not 
simultaneously  display  hla  prlaary  flight  display  on  his  MFD.  '  He  can  use  HUD 
information  to  keep  his  head  outside  th*  cockpit  and  fly  the  same  procedures,  whether 
VFR  or  1FR.  Th*  pilot  not  flying  will  use  the  primary  flight  display  and  may  stow 
th*  HUD. 

Kith  this  approach  each  pilot  has  a  primary  flight  display  and  Navigation 
Display,  and  share*  a  common  engine  display.  Each  pilot  has  his  own  full-time  HUD, 
standby  attitude  Indicator,  standby  altitude/airspeed  Indicator  and  a  Bearing 
Distance  Heading  Indicator  ( BDHI ) .  On*  center  MFD  is  always  set  to  monitor  engine 
lnstruaent*.  Th*  HUD  now  display*  th*  prlaary  flight  display  data  necesaar  y  to  fly 
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the  e-17.  HPD  functions  arc  ikMi  la  Appendix  0.  Tka  BUD  also  kaa  c wo  deelueter 
nodes  «o  that  durtag  peak  workload  periods,  tka  pilot  aaa  reaove  waaseeesary  data  and 
amplify  tha  display. 

Thus,  tha  C-17  pilot  flying  kaa  ao  oaad  to  ttaaaltioa  froa  iioada  down  to  haada 
up.  |p  aolag  tha  BOB  a*  tha  prlaary  flight  laattaaoat,  ha  ollalaatoa  tha  ttaaaltioa, 
aaaat  hla  workload,  aad  hao  the  added  advaataga  of  flplag  any  »fl  or  171  approach 
using  tha  aaaa  proaadoraa,  Thaa  waathar,  phase  of  tho  eoaplaa  alrdrop/eargo 
alaaloa,  or  typo  of  approach  baeoaa  Irrelevant  faatort  la  flylag,  Thla  eoacopt  it  naw 
to  tha  allltary  traaaport  aircraft  world,  bat  will  act  roaaln  ao.  All  traaaport 
aircraft  of  tha  fatora  ahoald  aaa  thla  aaaecpt  aa  the  aircraft  can  ha  operated 
aorc  aafaly  aad  coaalataatly  by  the  pilot.  The  C-17  aad  lta  BUD  aad  glare  cockpit  arc 
definitely  paring  tha  way  far  tha  fatara  la  all  allltary  aad  traaaport  aircraft. 

til.  ADVANCED  DTK  PILOT  EVALUATION  TOOLS 

Thla  aactloa  daacrlbaa  aaaaroaa  teat  and  alaulator  facilities.  Theta  are  owned  aad 
controlled  by  earlout  agaaelea,  each  of  which  haa  control  of  release  of  iaforaatlon 
partalalag  to  thalr  Individual  facility.  All  contribute  to  giving  pllota 

eoafldoace  la  varlaaa  aircraft  ayataa  capabilities  before  initiation  of  the  flight 
teat  prograa. 

a.  Intearated  Display  Develoeaent  Station  (IDD8) 

The  I  DOS  la  owned  aad  operatad  by  DAC  at  the  Long  leach,  California  (CA) 
facility.  Thla  la  a  aotloaleae  ceckpit  alaulator  to  evaluate  cockpit  displays,  pilot 
workload,  and  latarfaca  of  the  crew  with  tha  dleplaye.  It  la  particularly  useful  In 
evaluatlona  of  eyabology  on  the  HUD,  tha  MC  and  all  CRT  displays.  Operational  and 
test  pllota  have  been  Involved  in  these  evaluatlona  for  years  and  have  provided  the 
baseline  huaan  factors  engineering  lafornetiea  that  will  allow  the  varied  nuabar  of 
eoaplaa  C-17  alealons  to  be  successfully  flown. 

Tha  IDDS  has  a  coaputer  generated,  anterior  visual  display  which  is  lnatruaental 
In  allowing  pilot  evaluations.  Using  the  BUD,  MC  and  the  rest  of  the  glass  cockpit, 
C-17  pllote  have  "flown"  routine  takeoffs,  landings,  airdrop  elusions,  parachute 
entraction  aleelona,  and  air  refueling  tasks.  These  alaslons  have  included  five 
degree  approach  landings,  croaawlnd  landings,  day  and  night  flight  conditions,  IFR  and 
VFR  flight,  foraatlon  flying  and  others. 

Tha  IDDS  supports  tha  C-17  prograa  by  providing  lnforaatlon  to  neat  the  following 
objectives: 

-  Evaluate  and  advise  prograa  aanagaaent  on  the  operational  utility  and  suitability 
of  the  C-17  cockpit  design. 

-  Evaluate  pilot  operational  procedures,  flight  aanuala,  and  checklists. 

-  Evaluate  the  pilot  workload. 

b.  Fllsht  Hardware  Slaulator  (FHS) 

The  FHS  is  owned  and  operated  by  DAC  et  Long  Beach.  The  FHS  Is  a  fixed  base 

slaulator  facility  under  developaant  and  construction  which  will  provide  tha  C-17 

design,  and  teat  and  evaluation  teaas  the  capability  to  Integrate  the  total  avlonlca 
suite  to  the  electronic  flight  controls  via  actual  C-17  electronic  aultlplexlng  units. 
Syetane  level  testing,  l.e.,  tasting  of  all  avionics  working  together  slaultaneously 
as  during  actual  flight,  will  be  tested  la  the  FHS.  A  key  feature  le  that  the  FHS 
will  also  allow  pllot-la-tha-loop  avionics  evaluations  using  actual  C-17  avionics 
hardware  and  software.  This  facility  will  provide  pilots  the  closest  cockpit 
conditions  to  actual  flight  before  the  flight  teat  prograa. 

The  FHS  supports  total  avionics  integration  through  five  objectives: 

1)  Provide  the  alaulstion  capability  to  support  verification  of  the  avionics 
design. 

2)  Provide  evaluation  of  tha  operator  and  systea  responses  to  selected  faults  or 
failures.  (See  Appeadls  C) 

J)  Use  actual  C-17  production  configurations  to  provide  actual  avionics 

hardware  and  software  Interface  with  the  "135 JH  aultlplax  bue. 

A)  Provide  the  necessary  controls  aad  displays  to  give  the  pilot  a  realistic 
cockpit  eavlreaaeat  with  which  to  evaluate  the  integrated  production  avionics  for 

selected  alaetoae. 

S)  Provide  the  flight  craw  with  a  realistic  workload  and  flight 
taalllarlaatloa  beforo  eoaaanclag  the  flight  test  prograa. 


r 
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*•  Motion  Baas  Simulator  (MBS) 

Thl»  ton t  facility  la  owned  and  oparatad  by  DAC  at  tha  Long  loach  facility.  It 
1(  *  *1*  dagra#  of  fraadoa,  notion  alaulator  which  allowa  evaluation  of  pllotad 
taaka  In  a  lloltad  envelope.  It  la  primarily  uaad  to  davalop  and  evaluate  C-17 
flying  qualltlaa  and  tha  e-17  Fl'lght  Control  Syatao  (PCS).  Additionally,  It  la  a 
uaaful  tool  In  evaluating  failure  aodet,  for  pilot  training  and  flrat  flight 
preparation  and  validating  alaulator  aodala  to  ba  uaad  by  tha  Air  Force  aa  air  craw 
tralnara. 

Tha  heart  of  tha  M18  la  tha  SLXSl  computer,  Thla  alaulatoa  aircraft  handling 
charaetarlatlca ,  provide!  tha  C-17  predicted  aarodynaalca ,  and  producaa  aircraft  angina 
affacta,  weather  condltlona  and  tha  coupled  control  surface  aovanenta  to  ba  expected 

from  pilot  Input!  at  a  raault  of  tha  af oraaantlonad  charaetarlatlca.  Ualng  a 
vtaual  dlaplay,  DAC  and  USAF  pilot!  fly  taaka  controlled  by  FC8  anglneara. 
Thaaa  taaka  can  range  from  crulaa  trim  pointa  to  croaawlnd  landlnge. 

In  1169,  tha  MIS  underwent  an  upgrada  to  enhance  lta  teat  uaafulnaaa, 
Stata-of-tha-art  actuator  and  hydraulic  aaala  ware  lnatallad  along  with  a  atand  alone 
hydraulic  power  aourca.  All  new  electronic!  Include  aarvo  aapllfltre,  a 

mlcroprocaaaor  controller,  tall  aafa  ayatama  and  new  motion  drive  aoftwara.  All  thaaa 
Improvement!  raaultad  In  a  more  reliable,  more  raaponalva  and  accurate  MBS . 

Tha  objective!  of  C-17  taating  In  the  MBS  are  aa  follow!) 

1)  Davalop  and  verify  control  lawa  for  tha  etablllty  and  control  augmentation 

ayatam  of  tha  FCS. 

2)  Flint  evaluation!  of  almulatad  C-17  handling  qualltlaa  aa  they  are  developed 
and  raflnad. 

3)  Evaluate  failure  nodaa,  croaa-wtnd  capabllltlea  and  flight  charaetarlatlca  near 
tha  ground. 

d.  Vertical  Motion  Simulator  (VMS) 

Tha  VMS  la  owned  and  oparatad  by  tha  National  Aaronautlca  and  Space  Adnlnlatratlon 
(NASA)  at  lta  Amaa  keeerreh  Canter  In  San  Jose,  CA.  Thla  la  a  alx  degree  of  freedom, 
larga  amplitude,  high  fidelity  motion  almulator.  It  oftara  computer  generated  vlaual 

dieplaya,  and  a  cockpit  type  (cab)  ancloaura  that  can  ba  reconfigured  to  meat  tha 

ueer'a  requirement.  C-17  taating  waa  dona  In  tha  tranaport  cab,  ahared  with  tha  NASA 
apace  ahuttle, 

Tha  VMS  waa  uaad  In  1986  and  1969  to  davalop  and  avaluata  C-17  flying  quality  and 
the  FCS.  Failure  atata  taating  waa  accompllahed  aa  waa  davalopnont  of  apaclal 
technique!  to  anhanca  handling  qualltlaa.  All  taating  waa  dona  with  taat  pilot!  from 
DAC,  NASA  Amaa,  and  tha  USAF. 

a.  Flight  Control  9yatam  Simulator  (FCSS) 

Tha  FCSS  la  owned  and  oparatad  by  DAC  at  Long  Beach.  The  FCSS  la  a  ataal 
framework  (Iron  bird)  on  which  moat  of  the  aircraft'!  hydraulic  and  mechanical 
component!  are  mounted  In  their  correct  vartical  poeltlona.  To  conaarva  apace,  tha 
fuaelaga  haa  been  ahortanad  over  A2  feat.  However,  all  hydraulic  and  electrical  line 
langtha  are  tha  aame  aa  on  the  actual  aircraft. 

Simulated  control  aurfacaa,  i.e.,  ailerons,  elavatora,  ruddara,  apollere,  flapa 
and  slate,  are  aaaa  balanced  to  replicate  tha  actual  control  aurfaea.  This  allowa 
actual  measurement!  to  ba  uadi  of  control  aurfaea  deflection!  veraua  pilot  inputs. 
Tha  FCSS  taata  the  Integration  of  all  these  mechanical  ayatama  with  tha  hydraulic, 
electrical  and  flight  control  ayatama.  All  components,  aubsystama  and  ayatama  will  be 
production  units. 

Planned  upgrades  to  the  FCSS  Include  a  second  ELSXI  computer  to  provide  a  simple 
pilot  vlaual  display,  simulating  airloads  on  control  aurfacaa  and  an  upgrade  to  pilot 
cockpit  displays  to  allow  more  realistic  pilot  evaluations.  Objectives  of  tha  FCSS 
taating  Include: 

-  Qualification  of  tha  hydraulic  ayatam  uaad  with  flight  controls. 

-  Evaluating  transients  during  changaa  from  electronic  to  manual  FCS  control. 

-  Investigating  failure  modes  of  tha  hydraulic  ayatam. 

-  Evaluation  of  pilot  Interaction  with  all  rapraaantad  ayatama. 

f .  Taat  and  Evaluation  Mission  Planning  Simulator  (TEMPS) 

Thla  facility  is  owned  and  oparatad  by  tha  USAF  at  tha  Air  Force  Flight  Teat 
Canter  (AFFTC),  Edwards  AFB ,  CA.  It  la  a  alx  degree  of  freedom,  notion  simulator 
alloilng  evaluations  of  pilot  tasks  In  a  raatrlctad  aircraft  envelops.  It  la  used 
for  all  flight  taat  programs  conducted  at  Edwards  AFB.  AFFTC  computers  store 
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simulated  aerodynamic  data  along  with  aircraft  handling  qualities,  angina 
charactarlatica  and  other  Information  for  tha  aircraft  undergoing  flight,  taatlng. 

t or  tha  C—  1 7  prograa,  tha  TEMPS  will  ha  uaad  laaadlataly  before  and  during 

tha  flight  taat  prograa*  It'e  uaafulnaaa  la  raflactad  In  tha  following  objective*! 

-  Edward*  flight  craw  familiar! action  with  C- l 7  expected  raaponaaa  and  handling 
qualities  laaadlataly  proceeding  every  new  phaaa  of  flight  taatlng. 

-  Pott -flight  eoaparlaon  of  actual  with  predicted  raaponaaa  leading  to  refined 
alaulation  and  poealbla  laprovaaanta  In  the  C-17  ayataa  ltealf. 

IV.  PILOT  EVALUATION  TECHNIQUES 

Pilot  avaluatlona  have  occurred  In  all  thaac  facllltlea.  Both  quantitative  and 
qualitative  lnforaatlon  haa  been  obtained. 

Qualitative  avaluatlona  by  pilota  In  the  fora  of  queatlonnelree ,  debriaflnga, 

Cooper-Harper  avaluatlona,  aaetlng  dlacuaalona,  and  written  reporta  can  be  accoapllehed 
on  all  facllltlea.  Thla  type  of  lnforaatlon  la  particularly  valuable  In  tha  IDDS  for 
cockpit  and  pilot  workload  avaluatlona.  Thla  lnforaatlon  waa  extremely  valuable 
during  the  evolution  of  the  cockpit  and  HUD  daalgn. 

Quantitative  data  la  alao  obtainable  In  all  facllltlea.  Englnaera  work  cloaaly  with 
the  pilota  to  develop  aeanlngful  taat  carda.  Tha  aiaulatora  provide  numerical  feedback 
on  all  accoapllehed  taaka  which  la  then  correlated  with  pilot  qualitative 

comment*.  Thla  type  of  data  haa  been  proven  invaluable  In  PCS  taatlng  In  the  IIBS, 
VMS,  FCSS  and  FHS . 

V.  SUMMARY  AND  CONCLUSIONS: 

The  United  State*  Air  Force  and  Douglaa  Aircraft  Coapany  have  dealgned  the  C-17 
teat  prograa  to  alnulate  actual  flight  condltiona  a*  cloaaly  aa  poaalble  before 
actually  flying.  Thla  la  doubly  laportant  a*  the  pilota  In  the  C-17  cockpit 
will  be  extremely  buoy.  Therefore,  alnulatlono  auat  concentrate  both  on  avlonlca 
integration  and  cockpit  evaluation*.  Thera  are  facllltlea  to  evaluate  pilot 

workload,  cockpit  aymbology,  and  the  aan/aachine  interface,  l.e.,  tha  IDDS  and 
FRS.  Other  facllltlea  auch  aa  the  MBS  and  VMS  concentrate  on  FCS  development 

and  evaluation.  The  FCSS,  FHS  and  TEMPS  look  at  the  avionic*  Integration  and 
the  Interface  between  the  pilot  and  tha  C-17  ayutaaa.  By  working  through  a 

well-thought-out  teat  prograa  uaing  the**  facllltlea,  the  C-17  developaental  effort 
can  be  accompllahed  before  the  atart  of  flight  taatlng,  with  a  cockpit,  procedure* 
and  eyeteaa  that  the  pilot  can  be  comfortable  with. 

The  evolution  of  a  well-thought-out  C-17  cockpit  dealgn  haa  lad  to  a  four  MFD, 
two  HUD  configuration  that  la  the  wave  of  the  future.  The  C-17  HUD  1*  dealgned  aa  the 
primary  flight  director,  allowing  the  pilot  flying  the  aircraft  to  maintain  hla  focus 
outalde  the  aircraft,  regardless  of  the  weather  or  the  phase  of  the  mission.  This 

concept  la  new  to  the  large  transport  world,  but  will  not  remain  so.  The  C-17  is 

leading  the  way  for  all  aircraft  of  the  future.  The  C-17  cockpit  controls  and 

displays  are  configured  and  designed  to  enable  the  C-17  to  successfully  '  perform  it* 

mission  of  worldwide  airlift  of  US  coabat  forces,  equipment  and  supplies,  whether  over 
Intercontinental  distances  or  within  a  theater. 


APPENDIX  A 
C-17  Capabilities 

Key  Features:  The  C-17  is  required  to  have  the  following  functional  capability  to 

accomplish  Its  mission: 

-  Transporat 1  on  of  outslae/ovarslse/bulk  cargo. 

-  Transporatlon  of  nuclear  cargo. 

-  Air  refueling. 

-  Adverse  weather,  day/nlght  operatlona. 

-  Airland  and  alrdrop/LAPES  airdrop  operations  of  60,000  lbs  rigged  loads. 

-  Personnel  airdrop  operatlona  at  high/low  altitude*. 

-  Combat  offload. 

-  Transportation  of  alxed  load*  to  Include  troops. 

-  Aaromedlcal  evacuation. 

-  Small  Austere  Airfield  (SAAF)  operations. 

-  Worldwide  operations  to  Include  aedlua  threat  envi ronaent* . 

-  Reliability,  maintainability,  end  availability. 

Interfaces:  The  C-17  le  required  to  Interface  with  these  systeas  to  accoapllsh  Its 

alsslon : 

-  Air  traffic  control,  navigation,  and  station  katplng  systems. 

-  Military  command,  control  and  coaaunicatlons  syateaa. 
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•  Defense  Hipping  Agency  (DMA)  Digital  Aeronautical  and  Flight  Inforaation  Systaa 
(DAF1S)  data  ban. 

-  Air  Force  Global  Waathar  Cantral  (AFGWC)  coaputar  (light  plans. 

-  Ground  f orces /material  handling  equipment. 

“  Ground  servicing  to  lncluda  ground  dafuallng  to  Army  ayataaa,  aalntananca  and 
loglatlca  ayataaa. 

Unique  Charactarlatiea t 

-  Electronic  (light  .ontrol  ayataa- 

-  Electronic  angina  controla. 

-  High  lapact  landing  gaar. 

-  Dlract  ll(t  control  with  externally  blown  (lapa. 

-  Noalnal  flight  craw  alia  o(  two  pilots  and  ona  loadaaatar  to  accoapllah  all 
atrland/alrdrop  alaaiona. 

-  Fully  alaalon  capabla  Haad-Up  Display  (HUD). 

-  CAT  display  o(  navigation  and  (light  attltuda  Inforaation. 

-  Majority  of  avionics  intagratad  through  alaalon  coaputar. 

-  Usa  of  On-Board  Inart  Caa  Ganaratlng  Systaa  (0B1GGS)  (or  (ual  tank  inartlng. 

-  Cockpit  automation  through  tha  alaalon  coaputar  and  warning  and  caution  ayatan. 

-  Ruggadlsad  laptop  Coaputar  (RLC). 

-  Night  Vision  Gogglaa  (NVC)  compatible  cockpit. 


APPENDIX  B 

C  —  1 7  Cockpit  Controla  and  Panala 

Left  Additional  Craw  Maabar  (ACM)  Consols 

Headset  Receptacle  Panel 
Intarcoaaunlcatlon  Systaa  Panel 
Oxygen  Regulator 

Pilot's  Console 

Headset  Receptacle  Panel 
Utility  light 
Noaewheel  Steering  Handle 
Inter  Coaaunlcat ion  Systaa  Panel 
Oxygen  Regulator 

Instrument  Panel 

Avionics  Switching  Control  Panel 

Rearing  Distance  Heading  Indicator 

Multi-Function  Displays 

Standby  Altlaeter/Alrapeed  Indicator 

Standby  Attltuda  Indicator 

Total  Fuel  Used  Indicator 

Split  Axla,  AP/ATS  Annunciators 

Brake  Pressure  Indicator 

Alternate  Brake  System  In  Use  Indicator 

Anti-Skid  Switch 

Standby  Englna  Display  Panel 

Horlsontal  S tab t 1 i aar /Rudds r  Trim/Aileron  Indicators 

Landing  Gear  Panel 

Flap  Poaltlon/Index  Indicator 

Speed  Brake  Indicator 

Slat  Extend/Slat  Disagree  Annunciator 

Clocks 

Hiaslon  Computer  Switching  Control  Panel 

Glarashleld  Panel 

Glereshleld  Warning  Indicators 
Communication  Navigation  Control  Psnel 
Englna  Fire  Extinguishing  Handles 
Fire  Extinguishing  Agent  Low  Annunciators 
Automatic  Flight  Control  Syaten  Panel 
Instrument  Lighting  Control  Panel 
Haad-Up  Displays 
Floodlight  Dimmers 

Overhead  Panel 

Communications  Panel 

Flight  Control  System  Actuator  Panel 

Internal  Lighting  Penal 

Backup  UHF  Communication  Control  Panel 
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Backup  VHP  Coaaunlcatlon  Control  Panel 
Wing  inerting  final 
Auxiliary  Power  Unit  Coitrol  faaal 
llactrlcal  Control  final 
Landlng/Taxl  Lighting  Control  fanal 
tnvl ronaental  Sfitaa  Control  fanal 
Hydraulic  Byetea  Control  fanal 
full  Syataa  Control  Panol 
Ground  fronlalty  Warning  Syatan  final 
fallout  Alara/Stall  Warning  Taat  fanal 
Anti-lee  Control  Panel 
external  Lighting  Panel 
Warning  Annunciation  fanal 
Inartlal  Reference  Unit  Control  final 
flra/Snoka  Detection  Annunciator  Panel 
Paraonnal  Warning  Sign!  Control  fanal 


Coollot'a  Conaola 


Haadaat  Receptacle  Panel 
Utility  Light 

Int or conaunl ca 1 1  on  Syatan  final 
Oxygon  Regulator 
Oxygon  Quantity  Indicator 
Oxygen  Croaa  Food  Switch 


Right  ACM  Conaola 


Haadaat  Receptacla  final 
Oxygon  Ragulator 


f adaatal 


Miaalon  Coaputar  Dlaplaya 
Million  Conputar  Keyboard! 
Multi-Function  Control  Panola 
Paaaangar  Addreaa  fanal 
Cabin  fraaaura  Indicatora 
Cabin  Praaaura  Control  fanal 
Engine  Throttla  Controli 
Flapa/Slata  Control  Modulo 
Aerial  Delivery  Syataa  Control  Panel 
Identification  Friend  or  Foe  fanal 
Alternate  Trla  Control  Panel 
Trla  Select 

Pedeatal  Lighting  Control  Panel 
Weather  Radar  Syataa  Control  Panel 
ACM  Intercoaaunicatlona  Syatoa  Panel 
Parking  Brake  Control 
Flap  Index  Selector  Switch 


APPENDIX  C 

Fault  Inaertion  Candidate  Table 

1.  Single  Engine  Failure 

a.  engine  out 

b.  loaa  of  ability  to  control  engine  thruat  at  any  EPR 

c.  engine  fire 

2.  Ground  and  flight  apollar  ayatan  failure! 

a.  jaaaed  aurface  (any  elngle  apollar) 

b.  broken  linkage 

c-  loan  of  hydraulic  power 

3>  Elevator  ayatea  failure! 

a.  jaaaed  aurface  (coaplete  aurface) 

b.  jaaaad  aurface  on  only  one  aide 

c.  broken  linkage 

d.  loaa  of  forward  load  fael  aprlng 

A.  Horliontal  atabillaer  failure! 

a.  jaaaad  aurface 

b<  runaway  aurface 

5.  Aileron  ayatea  failure 
a<  jaaaed  aurface 
b^  broken  linkage 

c.  loaa  of  load  feel  aprlng 


d.  lot*  of  hydraulic  power 
Single  thrust  ravaraar  failure 
Asyaaetrlc/apll t  trailing  adga  (TE)  flapa 
Aayaaatrlc  leading  adga  (LI)  davlcaa 

Flapa  (TE/LE)  devices  fall  to  entend/retract 
Antiskid  falls 
B rskas  fall 

Loss  of  nose  wheal  steering 
Tire  failure,  any  tlra 
Cyro  failures 

s.  a  coaplata  loaa  of  any  alngla  sensor  output* 

b.  reaping  sensor  output 

c,  biased  sansor  output 

Accelsroaatar  failures 

a.  a  coaplata  loss  of  any  single  sansor  output* 

b.  reaping  sansor  output 

c.  biased  sansor  output 

Kadar  altlaatar  failures 

a.  a  coaplata  loaa  of  all  sansor  outputs* 

b.  rasping  sansor  output 

c.  biased  sansor  output 

V0R/1LS  failures 

a.  a  coaplata  loss  of  all  sansor  outputs* 

b.  reaping  sansor  output 

e.  biased  sensor  output 

DUE  failures 

a.  a  coaplata  loss  of  all  sansor  outputs* 

b.  rasping  sensor  output 
e-  biased  sensor  output 

Marker  beacon  failures 

a<  a  coaplata  loss  of  all  sansor  outputs* 

b.  rasping  sansor  output 
c>  biased  sensor  output 

Air  data  coaputsr  failures 

s<  a  coaplata  loss  of  any  coablnatlon  of  sensor  outputs* 
b>  reaping  aenaor  output 

c.  biased  sensor  output 

d.  alpha  wane  failure 
a,  pitot  tuba  failure 

f.  static  vent  failure 

g.  taaperatura  probe  failure 

Attitude  Heading  Reference  Systea  failures 

a,  a  coaplata  loss  of  all  sensor  outputs* 

b,  raaplng  sensor  output 

c,  biased  aenaor  output 

inertial  Reference  Unit  failures 

a.  a  coaplata  loaa  of  all  sensor  outputs* 

b.  raaplng  sansor  output 

c.  biased  sansor  output 

Engine  sensor  failures 

a.  a  coaplata  loss  of  any  single  sensor  output* 

b.  reaping  sensor  output 

c.  biased  sensor  output 

Autoaatlc  Direction  Finding  failures 

a.  a  coaplata  loss  of  all  sansor  outputs* 

b.  raaplng  sensor  output 

c.  biased  sensor  output 

Flight  control  surface  sensor  failures 

a.  a  coaplata  loaa  of  any  single  sensor  output* 

b.  raaplng  sensor  output 

c.  biased  sensor  output 
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2«. 


Otar  aanaor  felledi 


complete  loaa  of  any  alngle  aanaor  output* 


27. 


bam  air  taaparatura  proba  falluraa 

a.  a  eoaplata  loaa  of  any  alngle  aanaor  output* 

b.  raaplnf  aanaor  output 
e.  blaead  aanaor  output 


2S.  fall  validity  bit  on  any  aanaor  that  haa  ona 


29. 


Engine  Sync 

a.  fall  to 

b.  fall  to 
e.  fall  to 


ayataa  falluraa 
maximum  value 

alnlaua  value 
aato 


*  Thla  lncludaa 
not  at  othara. 
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APPENDIX  D 
MFD  and  HUD  Data 


Head-Up  Dlaplav  -  Primary  flliht  Data 

-  Attitude 

-  Altitude 

-  Alrapaad/Hach  No 

-  Vartlcal  Spaed 

-  Heading 

-  Flight  Path  Vector 

-  Flight  Director 

-  Flight  Mode  Annunciation 

Multi-Functional  Dlaplaya 

Primary  Plight  Dleplay/Vertlcel  Situation  Dleplay  (coapatlble  vlth  the  HUD) 

-  Attitude 

-  Altitude 

-  Alrapaed/Nach  No 

-  Vartlcal  Spaad 

-  Heading 

-  Lateral /Vert  leal  Deviation 

-  G  Levele 

-  Flight  Hide  Annunciation 

-  Flight  Director 

-  Performance  Limit* 

Navigation  Dtaplay/Horleontal  Situation  Dlaplay 

-  Hap 

-  Flight  Plan  Haypolnta 

-  background  Data 

-  Inaat  CD1 

-  Uaathar/Baacon 

-  Coepaaa 

-  tndlo  Nav-Bearlng  Device 

-  Chart 

-  Flight  Plan  Ravieu 
Plan  Poeltlon  Indicator  (PPI) 

-  Station  Keeping 


-  SKE 

-  RAH 

-  SKE 

PPI 

SKE  Deviation* 
Annunciation* 

Radar 

-  Heather 

-  Beacon 


Engine 


-  Normal 

-  EPE 

-  Fuel  Ueed 

-  Thruat  Raveraer 
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-  Thruie  Limit 
~  Thrust  Select 

-  Paul  Plow  Tetallssr 


-  irt 

-  HI 

-  Huai  no* 

-  BUT 

-  HI 


-  Sacoaddty 

-  Oil  Pressure,  Teap ,  qty 
Configuration/Flight  Control  Display 

-  Elevator  Position 

-  Stablllsar  Trla 

-  Rudder  Position  aad  Trla 

-  Allaroa  Position  and  Trla 

-  Flap  Position  and  Indas 

-  Slat  Position 

-  spollar  Position 

-  Dtraet  Lift  Control 

-  Thrust  Kavartar 

-  Landing  Gaar  Position 
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OUMNARX.  Since  the  earliest  days  of  aviation,  there  have  been 
aircraft  accident*  (now  rafarrad  to  aa  ‘flight  Mishaps").  In  aarlier 
tlMes.  Mechanical  Malfunctions  were  blaaad  for  the  greater  n usher  of 
aiahape.  Engineering  and  technological  advances .  however,  have  ainee 
loaerad  the  likelihood  of  “Machine- induced*  Mishaps.  Hoe,  the  “sen* 
part  of  the  equation  (in  a  chain  of  events  leading  to  a  Mishap)  ia  far 
More  likely  to  be  the  prieary  cause.  |1?>1)  Thus,  aa  aircraft  are 
Made  More  durable,  reliable,  and  batter  able  to  sustain  increased 
workloads,  the  husana  who  operate  the*  Must  find  ways  to  adapt  or  ccpe 
with  the  greater  deamnds  which  result  f  roa  improved  Machine 
capability.  The  bottos  line  question  for  today  surfaces  as:  What 
causes  cr  swasher  e  to  comm  it  errors  in  judgment,  perfornance,  or 
perception,  and  how  Might  the  influences  of  such  causes  be  reduced? 
Progress  in  the  field  of  "Hunan  factors"  (HP)  analysis  has  revealed 
sow  solution*  while  advancing  the  fundawntal  goal  of  flight  'safety — 

nishap  prevention.  This  paper  la  intended  to  clarify  ansi  - - *  — 

the  inpact  of  BP  studies  on  nishap  prevention  and  nhow  how  aircrew 
fatigue  is  a  prawn  n  denominator  aaong  HI'  elements.  Accapted 
techniques  for  combating  and  coping  with  fatigue  are  liitod.  Finally, 
racowwndationa  on  how  to  maintain  operational  avareiesa  of  aircrew 
fatigue  considerations  ere  proposed.  ^  ^  ^  ^  $ 

*  O'  ^  riO), 

MISHAPS.  Great  strides  have  been 'made  towards  flight  safety's  mishap  p 


AIRCRAFT  MISHAPS.  Great  strides  have  been 'Made  towards  flight  safety's  rnihhMp  prevention 
goal.  As  the  first  step  in  the  process  of  reducing  the  likelihood  of  recurrence,  causae 
nuat  be  identified.  Actual  aircraft  mishaps  and  near  mi shape  provide  investigators  with 
opportunities  to  study  possible  causes.  Safety  professionals  search  out  not  only  what 
happened,  but  try  to  focus  more  on  why  a  mishap  occurred,  (lit)  Mishap  statistic*  also 
offer  clues  which  help  identify  areas  of  greater  Mishap  potential.  For  example,  analysis 
indicates  the  majority  of  jet  aircraft  accidents  occur  during  the  approach  or  landing 
phasas  of  flight.  (25tl6)  Such  evidence  certainly  justifies  greater  attention  to  ensuring 
optimal  crew  performance  during  initial  end  final  atagaa  of  flight. 

Mishap  Causes;  Federal  Aviation  AdMiniatration  (PAA)  nishap  studies  show  a  common 
factora  human  failing  rathar  than  Mechanical  malfunction  ia  the  prevalent  cause  of  flight 
mishaps.  (14i2)  Though  mishaps  may  ba  attributable  to  design,  maintenance,  air  traffic 
control,  sabotage,  or  "seta  of  God,"  the  crew  is  often  a  key  element.  (25il81)  Since 
aircraft  safety  design  engineers  have  nearly  worked  themselves  out  of  a  job  by  resolving 
the  machine-caused  pert  of  the  problem,  crew-caused  mishaps  dominate  ell  other  types 
despite  increased  priority  given  cockpit  resource  management  programs.  (17x11;  11>21) 
Complacency,  overconfidence,  or  inattention  era  a  few  factors  which  now  tend  to  go 
together  in  building  the  BP  picture.  (19ill)  The  applied  technology  of  human  perfornance, 
or  "ergonomics,"  receives  increased  levels  of  attention,  but  the  riddle  remains  unsolved. 
( 17*1 )  Pinning  down  an  HP  error  ia  a  mammoth  proposition  for  any  mishap  investigation 
team.  Monatheless,  up  to  80  percent  of  all  aircraft  mishap  studies  attribute  BP  as 
"casual."  (17il;  I2tl4)  Recent  studies  suggest  many  more  mishaps  could  be  blamed  on  HP  if 
the  reason  for  the  "undetermined  cause"  category  of  mishaps  could  be  substantiated. 
(16:14) 

Human  Pectora  Studies i  Plight  8afety  professionals  continue  to  look  at  HP  anre 
closely  now  aa  they  attempt  to  unravel  the  mystery  of  what  cauaaa  people  to  crash 
perfectly  good  aircraft.  HP  ia  defined  as  uthe  study  of  physical,  physiological, 
psychological,  psychosocial ,  and  pathological  limitations  of  man  aa  he  interfaces  with  his 
eavironMnt."  (16:13)  Simply  stated,  HP  is  a  broad  discipline  which  attempts  to  account 
for  mishap  causes  not  directly  attributable  to  hardware  failure.  The  investigative  model 
used  In  HP  analysis  includes  the  following  basic  categorise:  environwntal,  equipMnt 
design,  workload,  oparational,  behavioral,  and  medical .  Within  the  medical  category  fell 
the  following  elawnte:  general  health,  sensory  acuity,  drug/aleohol  ingestion,  and 
fatigua.  (2:2)  Considering  the  increased  attention  given  HP  in  mishap  investigation,  HP 
should  also  receive  increased  emphasis  in  mishap  prevention.  Aviation  professionals  arc 
calling  for  new  Mthode ;  to  prevent  fixation  or  distractions  which  can  monopolies  the 
thinking  prooeaaee  of  crewmembers  who  are  supposedly  trained  to  avoid  such  traps.  (25:181) 
PAA  safety  specialists  aokmewledge  they  cannot  make  flight  rulas  for  avery  situation,  and 
they  atraaa  that  pilots  haem  a  moral  responsibility  to  operate  in  the  safest  way  possible 

5  considering  personal  lisd tat ions,  Including  fatigue.  (14:4)  Fatigue  among  aviators 
ten  occurs  due  to  stress  associated  with  "circadian  rbythma." 

Sf facts  of  Circadian  Rhythms,  circadian  rhytbm  ia  a  tern  applied  to  the  body's  normal 
day/night  cycle. Body  rhythm  (circadian;  desynchronisation  has  long  been  acknowledged  to 
have  a  profound  effect  on  motivation  and  performance  (12:15)  The  exact  mechanism  of 
circadiana  ia  not  fully  understood,  but  the  affects  have  been  shown  to  be  extreMly 
disruptive  in  terms  of  how  a  person  "feels"  when  the  normal  activity  cycle  ia  interrupted. 
(9:53)  The  daily  sleep/wake  cycle  for  moat  people  ia  longer  than  24  hours,  usually  by  1 
to  3  hours.  The  average  cycle  is  25.2  hours.  Thus,  greater  fatigue  occurs  when  traveling 
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in  an  easterly  direction  than  traveling  went  because  the  day  is  "oampreneed"  (vest  to  east 
flight)  as  opposed  to  being  "stretched"  (east  to  vest  flight).  Stl)  Aircrew*  are 
particularly  susceptible  to  the  effects  of  ci road Ians,  and  even  the  aoet  motivated 
professionals  have  fallen  victim  to  that  elusive  aental  aechanlsa  which  oan  temporarily 
nu^>  the  brain  into  inactivity  at  critical  times.  (25:181)  Re  know  staying  At  a  particular 
destination  long  enough  eventually  permits  resetting  of  the  biological  clock,  or 
"entrainment,"  at  the  rate  of  about  1  hour  per  day  (1  day  for  each  time  sons  crossed. 
(3i2)  Unfortunately,  aircrew  schedules  rarely  permit  entrainment  to  occur  at  en  route 
stops.  As  the  body  tries  to  adapt  to  the  stress  of  a  circadian  shift,  sleep  becomes  more 
difficult  and  less  restful.  Less  restful  sleep  induces  fatigue.  (23t5)  Zn  fact,  any 
attempt  to  modify  regular  body  rhythms  induoss  fatigue.  (13:140)  Lone  periods  of 
wakefulness  oause  disorientation  along  with  mental  and  physical  exhaustion,  (18:111) 
Furthermore,  after  a  period  of  little  or  no  sloop,  it  takes  two  normal  rest  periods  to 
regain  normal  levels  of  alertness.  (8:14)  Nevertheless,  a  frustrating  fact  remainst  a 
person  can't  force  himself  to  sleep  when  be  isn't  sleepy.  (Si 2) 

The  FAA  acknowledges  a  lowered  alertness  level  for  crews  on  today's  aircraft  when 
subjected  to  rapid  tine  soae  displaoeaent  (jet  lag)  due  to  traveling  in  easterly  or 
westerly  directions.  During  these  periods  of  "dullness,"  there  is  a  measurable  lowering 
of  body  )  eeperature,  and  such  low  points  normally  occur  from  about  0300  to  0S00  hours  in 
the  morning.  (Sil)  Nodical  opinion  varies  regarding  a  precise  range  for  circadian  low 
periods  in  the  morning  hours.  The  most  inclusive  rang*  spans  the  hours  between  0200  hours 
and  0600  hours,  with  0400  hours  being  tha  very  lowest  point.  (21:3;  12tl4|  0il3)  Later, 
beginning  about  0800  hours,  mental  performance  and  memory  seen  to  inprove  until  a  peak  at 
about  1600  hours.  (19t7i  8il3) 

FATIGUE.  By  its  very  nature,  aviation  is  conducive  to  fatigue.  Yet,  the  effects  of 
fatigue  are  insidious.  Since  it  cannot  be  unequivocally  measured  or  defined,  fatigue  does 
not  have  a  specific  scientific  meaning.  (15t2)  Being  so  difficult  to  quantify,  it  muat 
normally  be  self -recognised.  Rather  than  depending  upon  the  amount  of  work  performed,  it 
calls  for  subjective  judgamnt  about  how  an  individual  feels.  But  fatigue's  effects  vary 
among  individuals  and  say  not  even  be  apparent  to  a  pilot  or  his  crew.  (15:28;  24:37)  Some 
aviators  think  they  can  fly  for  long  hours  without  adequate  rest,  although  they  are 
probably  not  aware  of  their  own  diminished  performance  levels.  They  may  be  able  to  remain 
awake  under  such  circumstances,  but  they  are  generally  more  accident-prone  and  leas 
efficient.  (7i7)  Military  pilots  on  long-haul  transmeridian  flights  are  especially 
susceptible  to  the  effects  of  sleep  deprivation.  (15tl72)  Thus,  it  is  reasonable  to  assume 
that  performance  degrades  as  a  result  of  fatigue.  (9i56)  Specifically,  fatigue  slows 
reaction  times  and  causes  errors  due  to  inattention.  (20i6) 

Characteristics  of  Fatioue.  There  are  two  categories  of  fatiguei  acute  and  chronic. 
Acute  fatigue,  the  more  common  type,  is  caused  by  excessive  physical  or  aental  activity 
associated  with  short-term  stress.  Though  serious,  a  good  night's  sleep  usually  resolves 
acute  fatigue.  Chronic  fatigue  results  from  prolonged  exposure  to  stress  and  causes 
symptemui  including  insomnia  and  forgetfulness.  Although  not  as  sever*  as  acute  fatigue, 
chronic  fatigue  is  not  as  easily  relieved.  (24i37)  Seme  of  the  peychomotor  changes 
associated  with  fatigue  includei  disruption  of  timing  and  perceptual  field  of  vision} 
decreased  memory,  attention  span,  cooperativeneas,  and  communication  skill;  and  increased 
reaction  times,  anxiety,  irritability,  and  error  rates.  (19>6;  23:5)  Industry  research 
Shows  fatigue  can  cause  inattention,  perseveration  of  ideas,  confusion,  and  anxiety — any 
of  which  can  degrade  cockpit  interaction.  (4i93)  Recent  FAA  analysis  has  shown  the  three 
major  fatiguing  factors  for  crews  are  number  of  time  sones  traveled,  multiple  layovers  in 
close  sequence,  and  24-hour  layovers  after  a  night  arrival.  Although  any  one  of  these 
factors  can  be  accommodated  by  a  crewmember  during  a  layover,  the  presence  of  two  or  more 
begins  to  strain  phyaiologic  recovery.  Should  all  three  factors  be  present  during  a 
single  mission,  fatigue  can  have  a  dangerous  effect  on  crew  performance.  Other 
"moderate"  factors  which  may  contribute  to  mission  fatigue  include  flight  in  an  easterly 
direction,  multiple  transits,  day  sleep,  and  missions  in  excess  of  seven  days.  (22>244) 
Accumulation  of  other  operational  factors  (e.g.,  departure  delays,  aircraft  malfunctions, 
air  traffic,  and  meteorolocic  conditions)  also  contribute  to  fatigue.  (21:3)  So,  even 
though  a  pilot  may  be  provided  10  hours  rest  time,  if  it  is  during  a  period  out  of  synch 
with  reference  to  his  body  rhythms,  he  may  not  realise  the  full  benefit  intended  prior  to 
beginning  flight  duties.  Furthermore,  his  efficiency  could  be  further  reduced  to 
dangerously  law  levels  if  he  must  fly  during  his  minimum  performance  rhythm  period.  (3i53) 

Fatigue— A  Common  Denominator.  Pilots  are  routinely  expected  to  perform  complex  tasks 
demanding  physical  well-being  aitf  mental  alertness.  As  the  most  important  part  of  the 
weapon  system,  the  pilot  often  becomes  the  weakest  link  in  the  chain  if  not  in  good 
health.  (7i8)  Fatigue  is  oonaiotently  listed  among  physical  and  physiological  faccors 
impacting  a  given  HF  mishap.  (Ii7)  Bines  noise  and  vibration  increase  fatigue,  the  flight 
environsmat  itself  is  fatiguing.  In  addition  to  causing  increased  inattention,  emotional 
stress  also  promotes  fatigue.  Bven  before  a  pilot  actually  feels  the  first  signs  of 
fatigue,  "performance  decay*  and  poor  judgment  bsoemm  noticeable.  (19:7)  inherent  human 
limitations  la  monitoring  automated  systems,  further  impaired  by  fatigue  or  circadian 
disrhythnia,  have  led  to  a  number  of  mishaps  or  near  mishaps.  (17:4)  In  fact,  there  have 
been  aircraft  mishaps  where  BP  investigation  has  shown  the  cause  was  solely  or  partially 
due  to  pilot  fatigue.  (15:4) 

Professional  pilot  reports  indioate  decrements  in  flight  performance  and  effective 
craw  Interactions  are  related  to  the  time  of  day  (1.*.,  ciroadians).  Further,  these 
decrements  are  more  sever*  during  the  final  phases  of  flight,  when  fatigue  would  be 
expected  to  be  greater.  (4i93)  In  near  mishaps,  pilot  disorientation  has  even  occurred 
during  final  approach  for  landing  when  a  high  degree  of  pilot  fatigue  was  present.  (10:23) 
Because  interruptions  in  normal  sleep  patterns  are  considered  the  primary  cause  of 
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fatigue,  the  Importance  of  disrupted  sleep  as  a  causative  factor  in  si shape  may  actually 
be  underest (mated.  (1Si173i  21i2)  in  short,  most  HF  eleaents  can  either  lead  to,  or  result 
fro*,  fatigue.  At  the  very  least,  fatigue  makes  aircrews  more  susceptible  to  other  HF 
eleaents.  Because  fatigue  is  now  commonly  acknowledged  as  a  major  problem  in  the  cockpit, 
FAA  human  factors  research  workshops  have  called  for  more  in-depth  study  into  the  effects 
of  fatigue  on  stress  and  flight  deck  operations.  (4t93) 

Reducing  the  Effects  of  Fatigue.  The  individual  crewmember  has  the  greatest  influence 
on  his  own  physical  well  being  and  can,  therefore,  affect  his  own  resistance  and 
adaptability  to  fatigue.  Since  nan  is  designed  to  operate  better  in  daytime  than  at  night 
and  geared  for  regular  patterns  of  rest  and  activity,  fatigue  can't  be  completely 
eliminated.  (23i6)  Certain  routine  practices  can  aid  in  fatigue  prevention.  Naturally,  a 
regular  work-rest  schedule  plays  a  major  role.  Other  factors  include  regular  physical 
conditioning  programs,  healthy  eating  (moderate  proportions  of  high  protein/low 
carbohydrate  foods  are  better  than  simple  sugar  foods),  and  moderation  in  alcohol 
consumption  and  smoking.  During  flight,  drinking  plenty  of  water  (about  one  glass  per 
hour  is  recommended)  as  well  as  strstching  and  flesing  exercises  will  help  ward  off 
fatigue.  (6il5»  24:38)  The  FAA  also  recommends  remaining  mentally  active  during  long 
flights  by  making  frequent  radio,  navigation,  and  systems  checks.  (20<6) 

Operational  managers  play  a  significant  role  in  the  fatigue  prevention  formula. 
Without  a  reminder  about  physiologic  guidelines,  suggest  commercial  aviation  experts, 
schedulers  may  consider  the  crew  as  sn  inanimate  component  in  a  system  which  is  primarily 
geared  towards  mission  accomplishment.  (22 >241)  Aviation  safety  professionals  recommend 
mission  schedules  which  avoid  multiple  night  flights,  24-hour  layovers,  and  multiple  time 
xone  crossings  whenever  possible.  (21>4)  Crews  need  to  know  their  own  physiologic  indices 
for  a  given  flight  profile  and  must  judiciously  plan  their  rest  periods  whenever  mission 
schedules  jeopardise  optimal  work  cycles.  (22i247)  Finally,  the  Flight  Safety  Foundation 
stresses  that  pilots  who  report  excessive  fatigue  should  not  be  punished  for  refusing  to 
fly.  (21<4) 

RBCOMUMDATIOHS .  The  above  study  identifies  fatigue  as  a  likely  coesxon  denominator  in  th*. 
HF  arena.  Unfortunately,  fatigue  is  difficult  to  define  or  measure,  and  even  more 
difficult  to  remedy.  How  a  given  crewmember  "feels*  physically  and  emotionally  is 
possibly  the  key  element  in  that  crewmember's  HF  risk  profile.  While  empirical  evidence 
on  the  significance  of  fatigue  in  mishaps  may  be  lacking  at  present,  most  safety  experts 
agree  fatigue  Is  a  factor  in  many  mishaps.  From  the  information  available  today,  two 
fundamental  conclusions  about  fatigue  can  be  derivedt  (1)  Stresses  associated  with  HF 
considerations  commonly  lead  to  aircrew  fatigue:  and  (2)  Aircrew  fatigue  frequently  leads 
to  or  generates  many  of  the  HF  elements  which  figure  so  prominently  in  mishaps.  So, 
fatigue  may  either  lead  to  or  result  from  the  stresses  considered  in  the  HF  arena. 
Therefore,  fatigue  may  be  considered  a  "common  denominator,"  or  a  linking  factor.  In  HF. 
This  conclusion  is  particularly  relevant  for  MAC  aircrews,  since  they  are  exposed  to  some 
of  the  most  fatigue-inducing  flight  duty  days  in  aviation.  ironically,  fatigue  among 
Military  Airlift  Command  (MAC)  aircrews  is  possibly  more  controllable  than  operations 
managers  will  admit.  The  moat  common  reason  for  constructing  fatigue-inducing  mission 
schedules  is  "user  requirements"  (i.e.,  the  supported  organisation  prefers  to  move  or 
receive  goods  at  the  particular  time  of  day  they  have  requested).  Another  roaaon  is  "base 
operating  hours."  Such  "support  driven"  rationales  are  understandable  but  should  not 
justify  routinely  forcing  flight  safety  to  take  a  back  seat  for  user  convenience.  The 
"mindset"  orientation  of  aircrews  regarding  a  given  schedule  may  offer  another  clue  to  a 
rather  insidious  "fatigue  trap."  Crewmembers  often  focus  their  attention  on  relatively 
unimportant  mission  schedule  details  (such  as  time  for  shopping  end  amount  of  free  time 
available)  which  actually  detract  from  optimal  crew  rest  opportunity.  As  discussed 
earlier,  the  duration  of  crew  rest  periods  is  just  as  important  as  timing  of  actual  rest 
relative  to  the  Individual's  circadian  rhythm  (i.e.,  his  "heme  station"  biological  clock). 

In-flight  periods  when  critical  tasks  (i.e.,  take-off  and  landing)  must  be 
accomplished  deserve  much  greater  focus  during  schedule  development  and  mission  execution. 
Schedulers  and  crews  should  work  to  align  such  periods  to  coincide  with  hours  of  peak 
performance  (as  suggested  by  circadian  rhythm) .  Practical  application  of  HF  principles  is 
the  greatest  obstacle  to  real  progress  in  preventing  aviation  mishapa  caused  by  human 
factors  related  Issues.  The  following  proposal  would  serve  as  an  initial  step  to  apply  HF 
principles!  For  each  daily  mission  profile,  operations  sections  should  provide  "circadian 
daily  planner*  mission  schedule  charts  to  highight  critical/demanding  mission  tasks  as 
well  as  low  task  performance  periods  (see  Tables  1,  2,  and  3).  The  "home  station*  time 
between  OBOO  hours  and  1600  hours  is  shaded  on  each  mission  schedule  to  call  attention  to 
the  optimal  circadian  performance  periods.  Likewise,  the  "low  ebb"  period  between  0200 
hours  and  0600  hours  is  shaded  to  alert  schedulers  and  crews  to  that  suboptimal  circadian 
period.  Critical  mission  tasks  (i.e.,  take-offs  and  landings)  can  be  tracked  on  this 
planning  form,  as  optimal  periods  for  work  and  rest  are  readily  identified.  The 
highlighted  information  can  alert  schedulers  and  craws  to  optimal  periods  for  critical 
tasks  or  rest  and  offer  a  reminder  to  make  adjustments  whenever  possible.  Although  this 
is  a  rather  simplistic  approach  to  fatigue  reduction,  it  takes  a  first  practical  step 
towards  circadian  awareness.  Such  a  "picture"  of  crew  tasks  relative  to  circadian  cycle 
and  fatigue  would  offer  schedulers,  crewmembers,  and  operations  management  a  useful  tool 
for  massaging  the  mission  schedule  for  a  given  crew. 

The  moet  fragile  element  in  the  flight  operations  system  is  the  aircrew.  Granted, 
aircrews  are  a  highly  adaptive  group,  but  their  adaptability  has  limitations  which  can 
lead  to  catastrophic  coaaaquanoes.  Aircrews  make  mistakes,  and  a  fatigued  orew  is  even 
more  likely  to  err.  A  fatigued  orew  can  easily  becoma  the  weakest  link  in  an  unfortunate 
'chain  of  events,  so  reducing  fatigue  warrants  extra  efforts  by  all  aviation  professionals. 
Although  most  aviators  and  managers  are  intuitively  aware  of  crewmember  fatigue 
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liaitatioae,  bo  structured  aethod  Cor  aa nag lag  the  problaa  currently  azlsta.  Thus,  it  la 
inouatoeat  upoe  oil  operations  or  support  people  feo  aakt  aa  effort  to  mbm*  aircrew 
fatigue  1b  aty  aaaaer  aad  at  ewery  opportuaity  available.  XMplaaenting  any  ayata«  towards 
the  yoal  of  reducing  aircrew  fatigue's  1  apart  on  aafoty  would  highlight  the  iMMrtaooa  of 
aircrew  fatigee  aba  tenant,  aad  thereby  eerwe  aa  a  point  of  departure  for  furthar 
iaproeeaents. 


Table  1 

HYPOTHETICAL  MIMION  FMOFXLBS 


BBS 

FLAGS  OUT 

LOCAL 

SOME 

as 

r/K*»i. 

localise 

Show 

CHS 

osoo 

0300 

0300 

1900 

1400 

1400 

T.O. 

CHS 

1015 

0515 

0515 

2115 

1615 

1615 

LSD 

DOT 

1130 

0630 

0630 

2230 

1730 

1730 

T.O. 

DOT 

1445 

0945 

0945 

0145 

2045 

2045 

LMD 

— -Crew 

Rest 

2315 

2315 

1715 

0915 

1015 

0415 

SHOW 

RMS 

1330 

1430 

0030 

0030 

0130 

1930 

T.O. 

RMS 

1545 

1645 

1045 

0245 

0345 

2145 

LND 

TJS 

1745 

1045 

1245 

0445 

0545 

2345 

T.O. 

TJE 

2100 

2200 

1600 

OSOO 

0900 

0300 

UK) 

- Crew 

ATH 

Rent 

0000 

0200 

1900 

1100 

1300 

0600 

SHOW 

ATH 

1700 

1900 

1200 

0400 

0600 

2300 

T.O. 

ATH 

1915 

2115 

1415 

0615 

0015 

0115 

UB  hNS 

- Crew  Heat 

2215 

2315 

1715 

0915 

1015 

0415 

BBfHf 

RflS 

ISIS 

1615 

1015 

0215 

0315 

2115 

T.O. 

RMS 

1730 

1030 

1230 

0430 

0530 

2330 

LND 

CHS 

• 

0130 

2030 

2030 

1230 

0730 

0730 

Motes t 

CHS  »  Charleston,  South  Carolina 

DOT  •  Dover,  Delaware 

RM8  *  Baaetein,  Garaany 

TJX  -  Torrajon.  Spain 

Am  *  Athens,  Greece 

Iba  aiaaion  profiles  ara  identical — sane  an  route  and  ground  tinea.  The 

Loe  Fatigue  Schedule  baa  aiaaion  "start  ties’  shifted  by  13  hours  in  consideration  of 

circadian  rhythaw. 
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Aircrew  Eye/Respiratory  Protection 
A  Military  Airlift  Command  Perspective 
by 

Senior  Maater  Sergeant  Jamea  Souaa 
Headquartera  Military  Airlift  Command 
Teat  and  Evaluation  Diviaion 
Scott  APB  Illinois  62225-5001 


SUMMARY 

"  ^Thie  paper  sunstarisea  Military  Airlift  command's  (MACa)  and  Air  Force  Syatem 
Command's  ( AFSCa)  effort  to  improve  aircrew  eye/reapiretory  protection  (ABRP)  in  the 
chemical  defense  environment.  It  diacuaaea  the  significant  effort  to  plan  the 
concept,  manage  the  acquisition,  design  the  system,  teat  the  system,  and  redesign  the 
system  to  meet  MAC'S  requirements.  MAC'S  mission  to  conduct  and  support  operations 
remains  the  same  during  war  and  peacetime  and  despite  the  presence  of  chemical  agents. 

We  need  an  effective  ABRP  syatem  to  support  our  worldwide  operations.  Our  ongoing 
test  effort  has  uncovered  important  problems  and  challenges  to  overcome.  However, 
after  hundreds  of  ground  and  over  50  flight  test  hours  in  the  MAC  mission  environment, 
solutions  are  on  the  way.  Me  now  have  even  more  challenges,  kuit  .the  numerous  hurdles 
already  cleared  have  prepared  and  encouraged  us  to  proceed.  fatg  I  ^ 

INTRODUCTION  C  (4  V  *  R  C>  4f~  r  i  [  V  C  4"  <1  ;  ,  L  ...  -4  Yaffil  ^ 

The  purpose  of  the  AERP  system  is  to  provide  aircrews  protection  from  exposure  to  . 
chemical  agents  allowing  them  the  capability  to  accomplish  assigned  missions  *- 

worldwide.  Current  aircrew  above-the-shoulder  chemical  warfare  defense  equipment 
provides  only  limited  protection,  does  not  have  valsalva  capability,  is  not  compatible 
with  some  other  systems  (o.g.,  night  vision  goggles),  and  causes  physiological 
impairment  which  seriously  degrades  mission  accomplishment.  Therefore,  enhanced  AERP 
is  the  number  one  USAF  chemical  warfare  defense  research  and  development  priority. 

MAC  DEPLOYMENT  CONCEPT 

In  the  worst  case  scenario,  military  confrontations  could  escalate  to  use  of 
chemical  munitions  concurrently  with  conventional  weaponry,  chemical  Warfare  Defense 
(CWD)  plans  must  ensure  protection  of  aircrew,  passengers,  and  cargo  to  allow  for 
continued  air  operations.  During  periods  of  increased  tension  (as  directed  by  MAC 
command  and  control)  aircrews  will  ensure  their  protective  equipment  is  loaded  on 
board  their  aircraft  prior  to  departure  from  the  continental  United  States  or  overseas 
operating  locations.  Limited  quantities  of  aircrew  CWD  protective  equipment  are 
stored  at  selected  overseas  locations  to  facilitate  issue  to  en  route  aircrews  during 
buildup  of  tenaiona/hoatilitiea . 

The  AEFP  system  and  associated  protective  equipment  will  be  donned  and  worn 
whenever  the  presence  of  chemical  agents  is  known  or  suspected.  Aircrews  recovering 
to  bases  located  within  a  Chemical  Threat  Area  (CTA)  will  comply  with  local 
contamination  control  procedures.  If  aircraft  recovery  occurs  at  locations  outside 
the  CTA,  aircrews  will  continue  to  wear  protective  equipment  until  they  are  processed 
through  a  contamination  control  line.  Aircrews  will  follow  similar  CWD  protective 
procedures  during  subsequent  aircraft  missions  which  require  flight  through  known  or 
suspected  chemical  threat  environments. 

IMPROVED  AERP  BACKGROUND 

USAF  War  and  Mobilisation  Plan,  Vol  I  (USAF  WMF-1),  Annex  J,  requires  training  and 
equipping  of  all  units  located  within,  or  tasked  for  deployment  to,  chemical  threat 
areas  (CTAs)  to  ensure  their  ability  to  operate  in  a  chemical  warfare  environment. 
Recognizing  the  immediate  nature  of  the  chemical  warfare  threat  in  the  mid  1970s,  HQ 
USAF  directed  procurement  of  an  off-the-shelf  MBU-13P  smoke  mask  based  protection 
system  for  aircrews.  In  1977,  HQ  USAF  further  directed  an  operational  evaluation  of 
the  MBU-13P  AERP  to  determine  its  limitations.  Simultaneously  the  Aeronautical 
Systems  Diviaion  (ASD)  began  a  research  and  development  program  to  find  an  improved 
AERP.  The  emphasis  was  on  minimum  aircraft  modification  and  minimal  design  work.  ASD 
evaluation  concluded  that  development  of  two  AERP  systems,  integrating  characteristics 
of  several  off-the-shelf  candidates,  would  meet  the  total  Air  Force  requirement.  The 
selected  candidates  were  the  Tactical  Aircrew  Eye  Respiratory  System  (TAERS)  for  timm 
fighters  and  the  Protective  Integrated  Hood/Mask  (PIHM)  for  all  other  aircraft.  The  ' 
large  number  of  aircraft  and  associated  missions  have  been  reduced  to  eight  aircraft 
categories.  These  categories  were  selected  based  on  similarities  of  aircraft  and/or  asJei 
missions.  00 


AIRCRAFT 

CATEGORY 

REPRESENTATIVE 

AIRCRAFT 

AERP 

SYSTEM 

Fighter/Attack 

F-16B/C/D 

TEARS 

Observation 

OV-10A 

FIRM 

Strategic  Bomber 

B-S2G 

PIHM 

C-130  and  related 

C-130E,  AC-130H 

PIHM 

91  f 

3  23 

0  56 
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C-135  and  related 

KC-13SA 

PIHM 

Operational  support 

C-9A 

PIHM 

Helicopter 

MH-53J 

PIHM 

Other 

B-1B 

PIHM 

Aircraft  shown  will  bs  uasd  to  conduct  Development  Test  and  Evaluation  (DTtB)  and 
Initial  Operational  Teat  and  Evaluation  (IOTAS)  for  all  aircraft  of  that  category. 

If  the  teat  results  prove  successful  and  the  respective  aircraft's  command 
approves,  further  modification  kit  design  engineering  will  be  accomplished  for  each 
individual  aircraft  of  that  category.  The  ABRP  procurement  and  modification  action 
will  then  be  accomplished  through  each  aircraft's  respective  Air  Logistics  Center 
(ALC).  The  following  list  shows  ths  numerous  aircraft  under  each  category. 


C-130  and  related 

C-135  and  related 

Helicopter 

C-130A 

E-3A 

TH-1F 

C-13QB 

E-3B 

UH-1F 

C-130E 

B-3C 

MH-1H 

C-130H 

B-4B 

UH-1P 

EC-130E 

BC-135A 

CH-3E 

EC-130H 

EC-135C 

CH-53C 

AC-130A 

EC-135G 

MH-3B 

AC-130H 

BC-135H 

MH-53B 

AC-1300 

EC-135J 

MH-53C 

HC-130H 

BC-13SK 

MH-53J 

HC-130N 

BC-135L 

MH-60G 

HC-130P 

EC-135P 

UN-60A 

MC-130E 

EC-133Y 

UN-IN 

MC-130H 

KC-135A 

WC-130E 

KC-135D 

WC-130H 

KC-135E 

LC-130H 

KC-135Q 

Ooerational  Support 

KC-135R 

RC-135S 

C-9A 

RC-135T 

C-12A 

Fiqhter/Attack 

RC-1350 

C-12D 

RC-135V 

C-12F 

F-111A 

RC-13SW 

C-12J 

F-111D 

C-135A 

C-20A 

F-111E 

C-135E 

C-21A 

F-111F 

NKC-135A 

C-22A 

FB-111A 

MC-135B 

C-22B 

EF-111A 

KC-10A 

C-23A 

A-7D 

C-5A 

C-26A 

A-7K 

C-5B 

A-10A 

C-17A 

F-4C 

C-141B 

F-4D 

Strateaic  Bomber 

P-4E 

F-4G 

B-52G 

RF-4C 

B-52H 

F-15A 

F-15B 

Other 

Observation 

F-15C 

F-15D 

B-1B 

0-2A 

F-16C 

OA-37B 

r-16D 

SYSTEM  DESCRIPTION 

The  ABRF  candidate  selected  to  replace  current  HAC  aircrew  eye/respiratory 
protection  is  the  Protective  Integrated  Hood /Mask  (pihm),  and  under-the-helmat  system. 
This  system  provides  eye  protection,  filtered  air/oxygen,  and  protective  head  and  neck 
covering  for  aircrew  personnel.  The  PIHM  is  compatible  with  current  below-the-neck 
ensemble,  chemical  warfare  defense  equipment,  and  MAC  aircraft  crew  stations  and 
escape  systems. 

The  P1BM  requires  aircraft  modif ication  to  provide  blown  air  for  the  breathing  and 
ventilation.  The  modification  kit,  consisting  of  a  blower  bracket  and  a  28  VDC 
electrical  plug  (with  associated  wiring)  for  each  crew  position,  will  be  installed  by 
MAC  personnel  (aircraft  electricians,  structural  maintenance,  and  crew  chiefs)  with 
contractor  training  and  supervision.  See  annex  for  further  details. 

MAC  TBST  CONCEPT 

Teat  Planning  and  Bxecution  Challenges 
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The  MAC  test  effort  is  directed  toward  qualification,  man-rating,  and  evaluation 
of  the  operational  effectiveness  and  suitability  of  the  PIHM  using  MAC  C-130E,  AC- 
13015,  MH-53J,  and  C-9A  aircraft.  These  aircraft  were  selected  to  conduct  DT&E  and 
IOT&E  with  the  PIHM  system  for  that  category  of  aircraft  (C-130,  helicopter,  and 
operational  support,  respectively).  MAC  active  duty  units  at  Pope  AFB  NC,  Hurlburt 
Fid  FL,  and  Scott  AFB  IL  will  provide  the  test  bed  aircraft. 

MAC  ideally  receives  a  newly  developed  system  from  the  implementing  command  after 
it  has  been  fully  tested  and  qualified.  But  in  this  case,  AFSC  did  not  have  the 
resources  to  flight  test  the  PIHM  system.  As  part  of  a  MAC-AFSC  joint  effort,  we 
developed  a  plan  to  qualify  the  PIHM  using  MAC  aircrews  and  aircraft.  After  extensive 
laboratory  and  ground  testing,  we  flew  our  operational  missions  in  this  unproven 
system  under  AFSC  test  direction.  In  essence,  our  operational  aircrews  are  performing 
as  test  pilots.  The  greatest  challenge  is  releasing  operational  resources  for  test 
purposes.  The  day-to-day  MAC  mission  is  first  and  foremost  priority  at  our 
operational  units,  but  the  requirement  to  flight  test  the  improved  AERP  system  is  also 
a  priority.  As  testing  proceeds,  this  sort  of  dilemma  is  still  prevalent  and 
continues  to  be  a  challenge  to  MAC  aircrew  members  as  well  as  for  our  planners. 

Flight  testing  consists  of  flying  normal  MAC  mission  profiles  with  aircrew  members 
wearing  the  PIHM.  Prior  to  the  first  test  flight,  aircrew  training  and  ground 
preflight  inspections  will  be  accomplished  using  the  system  and  the  complete  below- 
the-shoulder  aircrew  chemical  ensemble.  During  the  qualifying  flights,  only  half  of 
the  crew  will  be  wearing  the  PIHM.  But  during  operational  flight  testing  the  entire 
crew  will  wear  the  system,  with  safety  observers,  to  test  our  aircrews  and  to  ensure 
our  operational  concept  is  a  sound  one. 

Critical  Operational  Issues 

To  promote  test  and  program  integrity,  as  well  as  ensure  valid  conclusions  could 
be  drat..,,  several  critical  operational  issues  were  developed.  Key  among  these  is  the 
issue  of  mission  degradation,  the  capability  of  aircrews  to  protect  themselves  from 
effects  of  the  chemical  environment  without  adversely  affecting  mission  effectiveness 
or  aircrew  safety.  In  the  case  of  the  PIHM,  we  need  to  determine  whether  or  not  it  is 
compatible  with  other  life  support,  cockpit,  and  individual  equipment.  We  also  need 
to  know  if  the  PIHM  degrades  aircrew  egress?  Other  operational  issues  are  as  follows: 

*  Can  the  PIHM  system  and  its  support  equipment  be  operated  and  maintained  by 
USAF  personnel? 

*  Is  the  PIHM  system  maintainable,  reliable,  and  available? 

*  Is  the  PIHM  system's  technical  documentation  adequate  and  understandable  by 
USAF  personnel? 

*  Are  unique  tools  or  support  equipment  necessary  to  test  or  maintain  the  PIHM 
system? 

*  Does  operating  the  PIHM  system  create  electromagnetic  interference  with  other 
electrically-powered  aircraft  systems? 

*  Is  aircraft-generated  28V  DC  power  available? 

The  bottom  line  question  is  "will  the  PIHM  system  help  MAC  perform  its  mission?" 
Problem  Areas 

MAC  recently  tested  the  C-130E  at  Pope  AFB  NC  over  the  last  year  and  the  many  long 
hours  of  test  planning  and  execution  yielded  some  very  interesting  findings.  These 
following  findings  warrant  further  evaluation  of  the  PIHM  system. 

*  Difficulty  in  attaching  to  and  removing  blowers  from  their  mounts. 

*  Navigator  blower  extension  hose  restricts  movement  to  windows  for  airdrop. 

*  Impossible  for  strapped-in  pilot/copilot  to  adjust  blower  intensity. 

*  No  way  to  safely  purge  oxygen  mask  of  vomit. 

*  Trace  of  ammonia  smell  present. 

*  Only  one  loadmaster  bracket  position  in  the  cargo  compartment. 

*  Extreme  bulkiness  of  chemical  ensemble,  flak  jacket, survival  vest,  PIHM,  and 
parachute. 

*  Loadmaster  bracket  on  flight  deck  practically  inaccessible. 

*  On  low  level  flight  the  loadmaster  and  flight  engineer  found  it  easier  to 
breathe  by  removing  the  pigtail  adapter. 

*  Slight  restriction  looking  left. 

*  Ear  loop  glasses  uncomfortable. 

*  Intercom  cord  too  short  and  female  end  too  hard  to  find  for  connection/ 
disconnection. 

To  date  a  thorough  analysis  of  these  problems  has  not  been  completed,  so  by  no 
means  can  we  draw  final  conclusions.  Certainly  the  data  collected  shows  a  need  for 
further  evaluating  how  we  intend  to  perform  our  mission.  Further  engineering  and 
testing  is  needed  and  scheduled  over  the  next  two  years,  but  we  are  progressing  toward 
viable  equipment  to  protect  our  aircrews  in  a  chemically  contaminated  war  zone. 
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CONCLUSIONS 

Airlift  it  crucial  to  any  war  affort.  Our  ability  to  rapidly  projaot  personnel 
and  equipment  agalnit  the  anaaty  ia  critical  to  tha  outooae.  The  ohaaioal  threat  ia  a 
fact  of  lift,  and  our  naad  to  dafand  against  that  throat  raquiraa  tha  uaa  of  equipment 
and  procaduraa  which  reduce  operational  efficiency.  A  toxic  ohaaioal  environaent  ia 
among  tha  greatest  challenge*  of  our  airarew  member*  ainca  it  raquiraa  tha  wear  of 
cumbaraoaa  equipment  and  modification  of  atandard  operating  prooeduraa.  Any  advancea 
in  equipment  or  prooeduraa  which  reduce  the  impact  mission  accomplishment  must  be 
pursued  if  wa  are  to  maintain  a  viable  capability  to  operate  in  a  ohaaioal  warfare 
environaent.  Peraonnrl  euat  be  conditioned  to  aooept  the  lleitatione  iapoaed  by  a 
chemical  acenaric  and  auat  train  to  overcome  thoae  liaitationa.  The  firm  ayatem  will 
perform  ita  required  teak,  but  tha  degree  of  effectiveneaa  will  ho  determined  by  tha 
level  of  effort  we  apply  to  training  our  aircrawa. 


LIST  OP  ABBREVIATIONS 

ABRP  Aircrew  Bye/Reapiratory  Protection 

APB  Air  Force  Beta 

APSC  Air  Force  Syateea  Command 

ALC  Air  Logietica  Center 

ASD  Aeronautical  Syetema  Division 

CTA  Chemical  Threat  Areaa 

CM  Chemical  Warfare 

CWD  Chemical  Warfare  Defense 

DT4B  Development  Teat  and  Evaluation 

epdm  Bthylane-Propylene-Diena-Manomer 

EMI  Electromagnetic  Interference 

HQ  USAF  Headquarters  United  States  Air  Force 

I AW  In  Accordance  With 

iOTtE  Initial  Oparational  Teat  and  Evaluation 

MAC  Military  Airlift  Command 

NATO  North  Atlantic  Treaty  Organisation 

HVG  Night  Vision  Goggles 

OTSE  Operational  Teat  and  Evaluation 

PIHM  Protective  integrated  Hood/Nask 

TEARS  Tactical  Aircrew  Eye  Respiratory  System 

US  United  States 

USAP  United  Statea  Air  Force 
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ANNEX 


SYSTEM  DESCRIPTION 

Protective  Integrated  Hood/Meek  (PIHM)  Syetem 

The  PIHM  ie  en  under-tha-helmat  system  which  includes  a  hood  assembly  with  an 
integral  MBU-L2/F  oronasal  mask,  a  facepiece  and  headcowl,  a  C-2  NATO  filter  and 
manifold,  portable  air  filter/blower  unit,  and  connecting  breathing  and  ventilation 
hoses.  The  hood  assembly  is  designed  to  interface  with  USAf  aircrew  helmets  using 
standard  offset  bayonet  connectors,  and  is  to  be  worn  between  the  flight  suit  and  the 
standard  chemical  defense  (CD)  inner  coverall.  The  PIHM  protects  the  individual  by 
filtering  the  breathing  air  from  the  aircraft  oxygen  regulator  and  pressurising  the 
head  and  neck  cavity  with  filtered  ventilation  air  from  the  blower. 

Hood  Assembly 

The  hood  assembly  is  composed  to  three  elements!  the  personal  mask,  facepiece, 
and  headcowl  assembled  to  form  a  protective  head  and  neck  cavity.  The  headcowl  is 
designed  to  permit  easy  removal  and  reuse  of  the  MBU-12/P  for  resizing, 
decontamination,  or  disposal  if  needed. 

Oronasal  Mask 

The  mask  is  the  USAF  standard  MBU-12/F  modified  to  provide  a  drinking  capability. 
The  standard  silicone  rubber  oxygen  hose  is  replaced  by  a  ethylene-propylene-diene- 
manomer  (EPDM)  hose  which  ia  liquid  agent  and  oxone  resistant.  The  mask  is  available 
in  the  four  standard  USAF  aisea  fitting  tha  5th  through  95th  percentila  male.  It 
includes  s  standard  aircrew  microphone  for  on  board  use  and  connects  to  a  battery 
powered  intercommunication  unit  for  ground  communication. 

A  flexible  drinking  tuba  enters  the  mask  cavity  through  a  hollow  suspension 
webbing  attachment  bolt.  It  has  a  connector/check  valve  to  interface  with  the 
standard  canteen  cap.  The  external  drinking  tube  is  formed  for  storage  around  the 
oxygen  mask,  and  the  canteen  connector  is  secured  in  a  retainer  pocket  sewn  under  the 
hood  chin  to  protect  it  from  chemical  contamination  when  not  in  use.  The  aircrew 
member  drinks  through  a  mouth-manipulated  tube  inserted  inside  the  mask  near  the  lips. 
This  permits  the  crew  member  to  vary  its  location  as  preferred. 

Facepiece 

The  facepiece  is  formed  by  attaching  the  visor  to  the  head  cowl  material  which  is 
formed  to  cover  the  standard  mask  over  the  nose  cup.  The  facepiece  is  secured  at  the 
mask  suspension  webbing  attachment  points  and  held  in  position  by  standard  offset 
bayonet  connectors  on  the  helmet.  These  connectors  provide  normal  mask  adjustments 
for  fit  and  pressure.  A  ventilation  air  hose  is  routed  along  the  MBU-12/P  mask  hose 
and  enters  the  facepiece  at  the  same  location.  The  visor  is  a  selected  portion  of  the 
HGU-55/P  visor  with  a  forehead  spacer  of  variable  thickness  attached  to  the  upper  edge 
for  maintained  apacing  and  accommodating  standard  aircrew  spectacles.  It  is  designed 
to  fit  within  the  existing  area  defined  by  the  standard  helmet  and  visor. 

Head  and  Shoulder  Cowl 

The  single  size  head  and  shoulder  cowl  is  mechanically  fastened  to  the  MBU-12/P 
mask  and  bonded  to  the  visor.  Tha  head  cowl  extends  into  a  neck  dam  and  shoulder 
cowl.  The  shoulder  cowl  is  normally  worn  between  the  aircrew  member's  outer  flight 
suit  and  CWD  inner  coverall  but  could  be  worn  over  the  flight  suit  if  required.  The 
neck  dam  is  fitted  to  the  individual  and  trimmed  by  a  life  support  technician  if 
needed.  Hood  slack  is  provided  for  head  movement. 

Ventilation  and  Breathing  Manifold 

The  manifold  provides  control  of  the  ventilation  and  breathing  air  mixtures,  one 
inlet  is  attached  to  the  outlet  side  o*  the  C-2  NATO  filter  with  the  oxygen  hose 
attached  to  the  in-line  outlet.  The  filter/blower  hOBe  is  attached  tc  the  second 
outlet.  Breathing  mixture  gas  from  the  C-2  NATO  filter  passes  through  one  chamber  to 
the  oxygen  mesk  hose,  and  the  hood  if  desired.  Ventilation  air  from  the  blower  passes 
through  the  other  chamber  to  the  ventilation  hose  leading  to  the  hood. 

Breathing  Gas  Filter 

The  C-2  NATO  filter  is  used  to  filter  the  breathing  mixture.  It  mounts  on  the 
normal  oxygen  CRU-60/P  receiver  atteched  to  the  parachute  harness.  The  manifold 
attaches  to  the  oxygen  outlet  of  the  unit  to  provide  control  of  ventilation  and 
breathing  mixture  for  ground  and  flight  operations. 

Filter/Blower  Unit 

The  filter/blower  unit  provides  filtered  blown  air  to  the  hood  assembly  and  mask, 
when  desired.  The  unit  uses  a  C-2  NATO  filter  with  NATO  standard  thread.  It  can  be 
carried  by  the  crew  member  using  a  ahouldar  or  hand  strap,  or  hooked  to  a  connector  on 
the  PCU-15/P  torso  harness.  For  flight,  it  is  stored  on  board  the  aircraft  in  a 
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mounting  bracket  which  haa  an  aircraft  power  receptacle.  When  the  unit  receivea 
aircraft  power,  ita  battery  ia  automatically  deaelected. 

Inter commune iation  Unit 

A  converaational  unit  auch  aa  the  Centex  unit  ia  required  for  ground 
oommunicationa .  It  ia  powered  by  rechargeable  batteriea  and  connecta  to  the  aircrew 
member 'a  intercom  cord.  The  unit  haa  talk/liaten  capabilitiea  that  permit  the  uaer  to 
hear  aurrounding  aounda  and  apeak  through  an  amplified  apeaker.  An  acceaaory  cord 
permita  two  people  to  plug  into  the  aame  unit  and  communicate  privately.  The  unit  can 
alao  be  uaed  in  flight,  if  required. 

Donning  and  Doffing  Procedurea 

The  PIHM  can  be  donned  and  doffed  in  a  contamination  control  area  or  on  board  an 
aircraft  with  an  area  large  enough  to  stand,  using  procedures  similar  to  the  MB0-13/P. 
However,  the  hood  and  mask  are  normally  donned  after  the  CWD  inner  coverall  followed 
by  the  flight  suit  for  wind  blast  and  CWD  protection.  Assistance  with  positioning  the 
hood  is  helpful.  Normal  doffing  requires  assistance  and  procedurea  to  prevent 
contamination. 

In-Aircraft  Versus  Out-of-Aircraft  Configuration 

All  components,  including  the  blower  unit,  are  uaed  for  ground  operations. 
Unassisted  transition  is  possible.  The  PIHM  requires  an  aircraft  mounted  bracket  and 
power  receptacle  for  the  blower  unit. 

Integration  With  Aircraft 

A  mounting  bracket  for  securing  the  blower  during  flight  operations  will  be 
installed  near  each  crew  position.  This  should  require  only  minor  modifications.  The 
proposed  battery  does  not  nave  sufficient  capacity  for  most  missions;  four  hours  is 
the  limit.  Therefore,  electrical  power  cables  which  supply  aircraft  power  to  each 
crew  position  are  required. 


Baseline  PIHM  Hood/Mask 


IMPERMEABLE 
HOOD  ASSEMBLY 


PIHM  HOOD/MASK 
Flight  (Oxygen)  Operation 
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“*•  In  order  to  Inereaaa  tha  range  and  endurance  of  flghtera  operating  in  the  far  northern 
regions  of  Canada,  and  to  extend  ntrltima  surveillance  capability  with  existing  aircraft  assets, 
the  Department  of  National  Defence  of  Canada  has  pursued  the  development  of  an  aviation  fuel  with 
a  high  energy  density.  The  fuel  selection  criteria  Included:  an  energy  Increase  of  at  least  iox 
by  volume  over  current  NATO  F40/JP-4;  acceptable  performance  and  durability  impact  on  aircraft 
systems;  and  large  scale  availability  at  reeaonabla  coat. 

This  paper  provide*  a  daacrlptlon  of  the  analytla  which  was  usad  to  dateralna  tha  potential 
banaflts  to  be  derived  from  the  use  of  a  high  anargy  danslty  fual.  Mission  anelysts  Include 
discussions  which  covtr  fighter  -  CF-18,  maritime  surveillance  -  CP-140  Aurora,  and  tenkere  -  CC- 
13T,  arid  KC-130,  aircraft.  Tha  paper  then  dtseussee  the  fuel  characteristics  which  were  perceived 
to  have  a  potential  Impact  on  aircraft  or  angina  military  performance.  Tha  reaulti  of  engine 
component  rig  testa  are  then  briefly  dlecuased  to  demonetrete  how  critical  fuel  blend  factors  ware 
evaluated  to  ensure  that  an  optimal  anergy/perfonsanee  olend  was  determined.  Finally  a  description 
Is  provided  on  testing  objectives  for  the  subsequent  full  scale  engine  performance  and  durability 
testing  as.wall  as  an  outline  of  tha  final  flight  certification  program  for  tha  High  Density  Fuel 

(hdfj. ,/JV) ^ _ 

The  tsst  results  to  date  have  been  moat  encouraging.  TWire  appears  tfd  be  considerable 
potential  for  tha  introduction  of  HOF  to  military  service. 
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INTRODUCTION 

The  Department  of  National  Defence  (OND)  In  Canada  was  approactmd  by  a  petroleum  firm  In  1988 
with  a  proposal  for  a  high  energy  density  fuel  which  was,  for  the  most  part,  similar  to  existing 
aviation  fuals  and  which  could  have  an  operationally  significant  beneficial  Impact.  The  proposal 
provided  that  the  fuel  could  be  produced  in  significant  quantities,  at  approximately  constant 
energy  coats,  and  that  while  some  of  the  fuel  characteristics  were  questionable  In  light  of 
previous  design  considerations;  further  evaluation  would  be  prudent. 

It  waa  decided  to  evaluate  the  potential  for  fuel  development  by: 

(1)  Determining  whether  or  not  a  reel  operctfonal  need  exlats  for  the  extension  of  the  range 
and/or  endurance  of  any  Canadian  Forces  aircraft  fleets.  Wills  this  nay  sea*  a  rather  obvious 
point,  aircraft  mission  requirements,  as  they  ere  currently  defined  had  to  be  evaluated  against 
existing  flset  capabilities  to  determine  If  any  deficiencies  exist  end  whether  those  deficiencies 
could  be  mitigated  through  the  use  of  HOF. 

(2)  The  evaluation  of  the  operational  benefits  of  using  HOF  In  aircraft  which  were  Identified 
as  potential  targets  of  opportunity  for  the  extension  of  operational  capability  would  then  be 
carried  out.  A  relative  assessment  of  aircraft  range  and  endurance  capabilities  on  current  and  the 
HOF  fuel  was  completed  end  that  assessment  Is  the  primary  discussion  area  for  this  paper. 
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(4)  One*  th*  operational  need  had  been  Identified,  and  th*  potential  for  satisfaction  of  that 
naad  through  tha  uia  of  HOF  verified,  a  review  Mould  ba  conductad  of  tha  critical  fual  factor* 
lapacting  on  energy  content,  parforaanca,  Military  aecapUblllty,  and  aircraft  and  angina 
durability. 

(»)  conponant  rig  tasting  Mould  than  ba  conducted  to  idantlfy  tha  fual  bland  factor*  which 
offered  potential  'or  anargy  danalty  faprovaiaant*  and  tha  dffaota  that  thoaa  bland  factor*  would 
have  on  tha  parfonaance  and  durability  of  airborne  syataaa. 

(a)  Tha  cooponant  rig  tatting  would  Identify  tha  preferable  architecture  of  tha  fuel,  and  than 
full  teal*  angina  sea  level  atatlc,  altitude  ehMbor,  and  flight  tatting  would  ba  uaad  to  verify 
tha  parforaanca  Improvements,  durability  accaptablllty,  and  certify  tha  fual  for  Military  uaa. 


For  any  particular  Mlaalon  profile  and  aircraft  configuration,  tha  maximum  operating  rang* 
and  tlM*-on-*tat1on  (T08)  of  certain  Canadian  Forcaa  aircraft  are  Halted  by  tha  volima  rather  than 
tha  weight  of  fuel  that  tha  aircraft  can  carry.  This  factor  la  aoat  significant  for  Maritime 
surveillance  operations  a*  currant  aircraft  are  heavily  tasked  to  cover  tha  coaetllnes  of  Canada, 
since  tha  priMary  combustion  process  In  tha  gat  turbine  angina  Involves  burning  a  given  weight  of 
fual  In  a  given  weight  of  air,  It  stands  to  reason  that  HOF  would  havo  a  positive  operational 
Inpact  on  th*  ability  of  Maritime  aurvolllanca  aircraft  llMltod  by  fuel  voiuaw  to  fulfill  Mora 
atranuous  Mission*. 

Other  operational  factor*  naad  alao  be  considered.  Th*  CF  IS  aircraft  la  required  to  operate 
extensively  In  th*  far  northern  regions  of  Canada.  Hlaalona  are  axtanded  by  virtu*  of  th*  territory 
which  auat  be  covered.  Th*  consequences  of  depletion  of  fuel  are  catastrophic  due  to  tho  extram* 
waather  condition*  encountered  and  distance  fro*  relief  center*.  Th*  ability  to  carry  an  additional 
10*  of  energy  could  have  significant  operational  end  flight  safety  benefits  for  th*  CF  18  alrcreit. 

Closely  tied  to  th*  fighter  operations  In  th*  previously  mentioned,  and  In  Many  other 
operational  theater*  is  th*  conduct  of  Alr-to-AIr  (AAR)  refuelling.  Canada  has  an  extensive  AAR 
refuelling  Mission  requirement,  and  once  again,  th*  cerrleg*  of  fuel  having  a  higher  energy  content 
wes  determined  to  be  beneficial.  Tanker  range  end  endurance  would  ataunedly  benefit  a*  would  the 
aaount  of  energy  which  could  ba  transfered  to  the  supported  fighter  aircraft.  Potentially  more 
aircraft  could  be  refuelled  with  e  fixed  energy  load,  or  conversely  *  fixed  number  of  aircraft 
could  be  refuelled  with  a  greater  amount  of  enmrgy. 


The  operational  Impact  of  an  aviation  turbine  fuel  with  10*  More  voluawtrlc  energy  content 
relative  to  NATO  F40  was  examined  for  four  different  Canadian  Force*  aircraft:  the  CF-18A,  the 
CP-140  (Aurora),  th*  KC-130  (Hercules)  and  tha  CC-137  (Boeing  70T).  Various  mission  profiles  and 
weapon/aircraft  configurations  were  simulated  for  each  aircraft  In  all  phases  of  flight.  Expended 
fuel  was  accountsd  for  at  th*  end  of  each  phase  such  that  th*  aircraft  would  land  with  Its  minimum 
IFR  (Instrument  Flight  Rules)  reserves.  In  this  manner,  operating  rang*  and  TOS  may  be  varied 
Independently  so  as  to  determine  th*  operational  Impact  dua  to  the  Increase  In  energy  content 
realized  by  a  higher  density  fuel. 

For  each  aircraft,  a  mission  profile  Is  examined  which  requires  it  to  operata  at  a  csrtaln 
rang*  from  It*  home  base.  After  a  long-range  cruise  It  may  alther  dash  to  tho  targmt  and  unload 
Its  store*  (CF-18A),  lolter-on-statlon  In  an  ASM  (Antl-Submtrin*  Warfare)  role  (CP-140),  or  lolter- 
on-statlon  and  provide  air-to-air  refuallng  to  flghtar  aircraft  (KC-130  and  CC-137). 

Regardlasa  of  tha  operational  requlraments,  aach  simulation  detarmlnea  th*  fuel  expended  at 
tha  conclusion  of  aach  phase  of  flight.  The  phases  are: 

(1)  Sta  rt /Tax  1 A ake-0f f 

(2)  Climb  to  cruising  altitude 

(3)  Cruise  to  operating  area 

(4)  Fulfill  mlaalon  requirements 

(8)  Cruise  to  home  base 

(8)  Descend  to  home 

(T)  Approach  and  landing 

All  dat*  such  a*  (pacific  range,  fuel  flew,  TAS(Tru*  Airspeed)  etc.  war*  modelled  at  polynomials 
In  th*  appropriate  parameter,  i.e.,  aircraft  groea  weight  or  time.  By  varying  th*  cruise  rang* 
end  loiter  tin*  end  landing  with  minimus  IFR  reserve* ,  each  simulation  provided  a  straightforward 
determination  of  tho  oporatlonal  bonoflt  of  HOF  on  fuol  volume  limited  aircraft. 
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Three  mission  profile*  were  considered  for  the  CF-18A.  They  tro  LLU ,  LUH,  *nd  HLLH  (ULow, 
H=H1gh).  FI  pur*  t  illustrates  the  thro*  profile*  used  In  the  analysis.  For  each  profile,  there 
were  seven  combinations  of  aircraft  configurations  and  weapon*  (Mk-*2  8E  Boa**,  *4.7(5  Bomba,  LAU- 
5003A/A  Rocket  Launcher  with  10  1b  RX  warhead  and  no*a  cone*).  Table*  1-1  detail  the  different 
configurations  and  ator*  data  uaed  In  the  analyal*. 


CON 

AIRCRAFT  STATION 

LEFT 

RIGHT  1 

N/T 

O/B 

I/B 

FUS 

C/L 

FUS 

I/B 

0/B 

W/T 

1 

AIN-9 

O) 

weapon 

(2) 

Weapons 

(2) 

Clean 

330  gal 
Tsnk 

Clean 

weapons 

(2) 

Weapons 

(2) 

AIN-9 

(1) 

2 

AIN-9 

0) 

Weapons 

(2) 

330  9*1 
Tank 

Clean 

Weapon* 

(2) 

Clean 

330  gal 
Tank 

Weapons 

(2) 

AIM-9 

O) 

3 

AIN-9 

(1) 

Weapons 

(2) 

330  gal 
Tank 

Claan 

330  gal 
Tank 

Clean 

330  gal 
Tank 

Weapons 

(2) 

AIN-9 

0) 

CON  =  configuration 
()  s  number  of  stores 


TABLE  1.  AIRCRAFT  CONFIGURATIONS 


Store 

Weight  per 
Store  (lbs) 

Drag  Index 

NK-82  SE 

5*5 

B.O 

BL  755 

B10 

15.8 

LAU-  5003 

530 

8.0 

330  gal 
Tank 

230 

10.5/14.5 

Pylon 

130/273 

3. 0/7. 5 

VER 

ITS 

9.0 

Number  of 
Tanks 

NATO  F40  Fuel  (lbs) 
(Includes  Internal) 

1 

11910 

2 

13960 

3 

16010 

Total 

Internal 

9860 

N1/N2  :  CENTERLINE /WING 

TABLE  1.  STORES  SATA  TABLE  1.  USABLE  FUEL 


The  CF-18A  Aircraft  Operating  Instructions  (A01)  were  uaed  to  calculate  the  rang*  and  fuel  expended 
under  each  profile  and  configuration.  For  each  daah  distance  (A  or  s),  a  radlu*  of  action  was 
determined  such  that  the  aircraft  landed  with  WO©*/-  26  lb*  of  fuel.  Each  simulation  was  run  with 
F40  and  HOF  (l.lOx  F40).  Table  4  a how*  the  percent  Increase  in  the  radlu*  of  action  a*  a  result 
of  using  a  higher  density  aviation  turbine  fuel. 
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The  results  shown  in  Table  4  indicate  slinlflcart  operational  improvement  when  using  HOF. 
The  parcant  Increase  In  the  radius  of  action  varies  from  a  toe  of  1M  (In  Itself  significant)  to 
a  high  ef  in.  Even  though  the  difference  In  the  radii  of  action  due  to  the  two  fuels  increases 
as  the  configurations  change  free  i  to  s,  the  percent  difference  decreases.  After  weapons  release, 
the  aircraft  la  much  heavier  for  configuration  I  than  for  configuration  1.  It  may  cruise  further 
from  hems  hut  it  will  also  expend  fuel  at  a  faster  rate. 

Under  the  profile  LLLH  and  configuration  1,  Table  4  shows  that  the  operational  requirements 
are  not  mat  using  either  F40  or  HOF  when  armed  with  BL7SS  bombs  and  dashing  100NM,  However  with 
LAU-8003  rocket  launchers  under  the  same  conditions,  the  requirements  are  met  with  HOF  but  not  with 
F40.  This  situation  alao  occurs  under  profile  HLLH  with  BL78S's  and  configuration  1. 


CF-11  A  RADIUS  OF  ACTION  (NN) 


LU 

i 

LLI 

Ji 

MU 
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a 

L 
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H 

a 

a 

H 

a 

a 

B 

a 

fl 

a 

B 

a 

a 

Hi 

MK-12 

a 

a 

H 

a 

a 

H 

a 

a 

B 

a 

a 

B 

a 

H 

B 

a 

a 

20 

a 

a 

a 

H 
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a 

H 

a 

a 

B 

a 

a 

B 

a 

B 

a 

a 

17 

t 
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in 

IB 

in 
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17 

IN 

D 

17 

n/A 

n/A 

n 

2BB 

0 

19 

239 

a 

3 

274 

309 

13 

2«1 

217 

14 

334 

301 

14 

312 

D 

it 

417 

120 

14 

414 

44« 

3 

■ 

1 

111 

tit 

14 

173 

202 

17 

220 

□ 

17 

«/• 

D 

B 

D 

347 

10 

231 

291 

a 

ft 

■ 

D 

lit 

13 

271 

311 

14 

341 

□ 

11 

331 

D 

10 

D 

110 

13 

447 

III 

ZJ 

*  >  uemtaritM  p*rc*r>ta«A  laprovcMMnt  o vmr  F40 

CON  a  canrifurfttlon 


TABLE  4.  CF-18  PERCENT  INCREASE  IN  RADIUS  OF  ACTION  DUE  TO  HOF  USAGE 


CP  ML  ~  AUBOBA 


Figure  2  Illustrates  the  two  mission  profiles  considered  for  the  CP-140  aircraft.  For  each 
profile,  there  are  two  aircraft  configurations  (labelled  A  and  B).  The  AOI  for  the  CP-140  was  used 
to  determine  fuel  flow,  cruise  range  and  TAS  under  any  gross  weight  of  the  aircraft  for  each 
profile  and  configuration.  In  aach  simulation,  the  aircraft  cruised  to  an  operating  area  and, 
under  power  of  three  anginas,  loitered  on  station  for  a  definite  period  before  returning  home  and 
landing  with  5000+/-  25  lbs  of  fual.  Figures  3  and  4  Illustrate  the  operational  advantage  when 
using  a  higher  density  aviation  turblna  fuel  in  the  CP-140  aircraft. 

Since  the  aircraft  raturna  with  Its  minimum  IFR  rasarves,  the  results  in  Figures  3  and  4 
represent  the  maximum  allowable  TOS  for  any  partl-.ular  cruise  range  and  the  maximum  cruise  range 
for  a  particular  T06.  Tables  5a  and  5b  show  the  parcant  Increase  In  TOS  and  cruise  range  generated 
hy  HOF.  The  percent  increase  in  TOS  (Table  5a)  varies  from  a  low  of  9k  for  the  shorter  cruise 
range  (longer  Toe)  to  a  high  of  48k  for  the  longer  cruise  range  (shorter  TOS).  The  average 
Increase  In  the  TOS,  regardless  of  the  cruise  range  Is  approximately  1  hour.  Table  5b  shows  that 
the  parcant  Increase  In  cruise  range  varies  from  11k  for  a  shorter  TOS  (longer  cruise  range)  to 
a  high  of  30k  for  a  longer  TOS  (shorter  cruise  range).  The  average  increase  in  cruise  range, 
regardless  of  the  TOS,  Is  approximately  180  nm. 
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Cruise 

Conglg./ 

Tlme-0n-Stat1on 

(hours) 

<nm) 

F40 

HOF 

ft 

A/1 

n 

10.2 

9 

A/2 

m 

KSI 

11 

8/1 

mm 

mss 

t 

B/2 

ESS 

mm 

12 

mm 

B 

B 

IS 

A/2 

BSB 

mm 

18 

B/1 

m 

MSM 

16 

B/2 

mm 

MSB 

1* 

A/1 

3.8 

5.0 

32 

A/2 

mm 

Cl 

43 

B/1 

3.1 

If 

39 

B/2 

2.5 

3.7 

48 

Time- on 

Conflg./ 

Cruise  Range 

(nm) 

(hours) 

F40 

HDF 

ft 

A/1 

1752 

1940 

11 

A/2 

1648 

1632 

11 

B/1 

1645 

1621 

11 

B/2 

1564 

1739 

11 

A/1 

1464 

1655 

13 

A/2 

1351 

1540 

14 

B/1 

1362 

1540 

13 

B/2 

1274 

1452 

14 

A/1 

1139 

1328 

17 

A/2 

1026 

1217 

19 

B/1 

1038 

1214 

17 

B/2 

955 

1137 

19 

A/1 

775 

960 

24 

A/2 

873 

863 

26 

B/1 

873 

845 

26 

B/2 

609 

793 

30 

(ft  denotes  percent  Improveamnt) 

TABLE  5b. 

TABLE  5.  CP  140  PERCENT  INCREASE  IN  CRUISE  RANGE  AND  TINE-ON-STATION 


KSrIM  -.HERCULES 


Figure  5  Ulustratas  the  mission  profile  for  the  typical  KC-130  mission.  All  calculations 
on  tha  KC-130  tankar  vara  basad  on  tha  variant  configuration  consisting  of  external  fuel  tanks  and 
refuelling  pods  Installed.  This  configuration  resulted  in  a  drag  Index  of  +18.  The  AOI  for  the 
CC-130  uas  used  to  determine  distance,  fuel  floe,  TAS  ate.  at  all  points  In  tha  profile. 

In  tarns  of  fuel  capacity,  there  are  stress  factors  to  be  considered  when  distributing  fuel 
In  tha  KC/CC-130.  For  Instance  tha  Hlng  tanks  are  Height  (not  volume)  llultcd  and  structural  damage 
may  occur  If  their  capacity  to  hold  62920  pounds  Is  exceeded.  However  the  KC-130  tanker 
configuration  hat  an  additional  3800  gallon  tank  (23400  pounds  of  F40)  In  tha  cargo  compartment 
Hhlch  is  volume  (not  Haight  limited)  and  could  be  used  to  carry  HDF. 

In  Its  role  as  a  tankar,  tha  KC-130  would  cruise  to  a  rendezvous  point,  loiter  for  a  period 
of  time,  meat  tha  CF-iB’a  and  refuel  each  fighter  before  returning  home  to  land  with  8500  ♦/-  ?51bs 
of  fuel.  Figures  8e-8f  show  the  results  of  refueling  up  to  6  cf-iba’s  with  10,000  lbs  of  fuel 
each.  Figures  7a  and  7b  show  the  resulta  of  refueling  1  and  3  CF-lSA’s  with  15,000  lbs  each. 
Plots  for  2  or  4  aircraft  (refueled  with  15,000  lbs  each)  are  not  Included  since  they  are 
approximately  equivalent  to  refueling  3  and  6  aircraft  respectively  with  10,000  lbs  each. 


tn  aerial  refueling,  the  KC-130  ha*  tha  advantage  of  providing  tanker  aupport  to  CF-18 
aircraft  on  northarn  patrol.  With  this  capability,  tha  flghtara  could  extend  thalr  tin**  on  partrol 
and,  tiiua,  provide  24  hour*  covaraga  with  fewer  missions  and  fawar  aircraft.  Clearly,  the  economic 
Implication*  are  substantial. 

figure*  6  and  7  ahow  the  operational  lapact  of  utilizing  HOF  In  a  typical  KC  130  tankar 
elation.  Uaa  of  tha  fuel  incraaaaa  KC  130  erulaa  range  by  SO-IO  na  or  loiter  tine  by  30-40  minute*. 
Although  that*  benefit*  art  marginal,  a  aubatantlal  operational  Improvement  can  be  achieved  in  tha 
energy  off-loadad  to  tha  CF-18  aircraft  «a  thown  In  Table  4. 

fifciaz  iSOUM  787) 

Figure  5  alto  llluatrata*  the  elation  profll*  for  the  CC-137  tankar.  Tha  AO!  for  tha  CF- 
137  wa*  utad  to  dataralna  dlatance,  fuel  flow,  TAS  etc.  at  all  point*  in  the  profile.  Tha  tankar 
configuration  alto  accounted  for  an  additional  St  In  fuel  expenditure*  in  each  phase. 

As  for  tha  KC-130,  the  CC-137  would  erulaa  to  a  randetvou*  point,  loiter  for  a  period  of 
tlea,  meat  tha  CF-18’*  and  rafual  each  aircraft  before  returning  home  to  land  with  16000+/-  25  lba 
of  fuel.  Figure*  8a-8f  ahow  the  result*  of  rafual Ing  up  to  6  CF-18A  with  10,000  lot  of  fuel  each. 
Figures  Pa  and  9b  ahow  tha  result*  of  refueling  3  CF-18A  with  15,000  1b*  each. 

Similar  to  the  KC-130,  the  CC-137  hat  the  capability  of  providing  tankar  support  to  fighter 
aircraft.  Figures  8  and  9  show  the  Justification  for  using  HOF  instead  of  F40  In  aerial  refueling. 
As  an  example,  Figure  8d  ahow*  the  results  of  refueling  4  CF-18A  with  10,000  1b*  of  fuel  each. 
If  F40  was  used,  with  a  cruise  range  of  lOOOnm,  the  CC-137  could  loiter  for  5.2  hours,  refuel  all 
aircraft  and  return  home  with  16,000  lbs  of  fuel.  If  HOF  was  used,  the  time  to  loiter  could  be 
extended  to  8.9  hours  (+718).  On  the  other  hand,  If  the  loiter  time  was  fixed  at  2  hours,  the 
tanker  could  cruise  for  an  additional  200nm  with  HOF  and  still  refuel  all  4  CF-lSA's. 


Tha  results  of  the  operational  Impact  assessment  show  substantial  gains  tn  operational 
performance  using  HOF  Instead  of  F40. 

For  the  CF-18A,  a  higher  density  fuel  not  only  extends  the  operating  range  but  In  certain 
cases  fulfils  mission  requirements* which  would  only  be  marginally,  If  at  all  possible  If  F40  had 
been  used.  In  the  case  of  the  CP-140,  the  results  alto  indicate  significant  operational 
improvement.  The  CP-140  can  add  1  hour  to  fulfilling  Its  maritime  surveillance  role  or  extend  Its 
operating  range  200  NH  beyond  Its  normal  limits.  For  the  KC-130  and  CC-137,  each  tanker  could 
refuel  more  aircraft,  cruise  for  longer  distances  and/or  loiter  on  stetlon  for  a  longer  period  of 
time.  Furthermore,  the  refueled  fighters  are  able  to  petrol  over  longer  dlstences  and  for  longer 
times  using  HOF,  thereby  decreasing  the  number  of  missions  and  aircraft  needed  to  patrol,  and 
increasing  the  patrol  area. 


FUEL  PERFORMANCE  CRITERIA 


It  Is  now  viable  to  develop  a  high  energy  density  fuel  while  retaining  acceptable  performance 
characteristics,  and  minimal  negative  operational  and  durability  affacts.  F40  Is  termad  a  wide  cut 
fuel  as  It  Is  distilled  ovar  a  wide  boiling  range.  It*'  propertlas  approach  tha  Ideal  from  the 
operational  perspective.  F40  has  a  low  fraez*  point,  low  viscosity,  low  flash  point,  high 
volatility,  and  burns  afflclantly  and  cleanly.  Typically  F40  performs  well  throughout  all  flight 
regimes,  and  due  to  its'  relatively  low  viscosity  and  high  volatility,  demonstrates  good  Ijw 
temperature  startablllty.  By  way  of  comparison  F45  (JP5),  is  distilled  over  a  very  narrow  boiling 
range  and  Is  blended  to  be  a  fuel  which  can  be  safely  stored.  Unfortunately,  the  very  properties 
which  make  it  a  safa  fuel,  result  in  Its  performance  being  poorer  than  F40  In  terms  of  both 
startablllty  and  efficiency.  These  two  fuel  provide  what  can  be  considered  tha  bounds  used  to 
determine  tha  acceptability  limits  and  operational  goals  for  HOF.  HOF  performance  should  Ideally 
approach  that  of  F40,  but  will  not  have  characteristics  which  ere  less  acceptable  than  those  of 
F45.  A  brief  discussion  on  fuel  characteristics  Is  provided  In  order  to  provide  a  fundamental 
understanding  of  the  considerations  which  Identified  the  testing  required  to  determine  the  HOF 
specification,  and  verify  Its  operational  acceptability. 

The  first  and  foremost  quality  to  b*  discussed  Is  that  of  heat  of  combustion,  within  very 
narrow  bounds,  the  hast  of  combustion,  which  1*  a  direct  expression  of  energy  content,  is  constant 
for  hydrocarbon  fuels  on  a  mas*  basis  at  approximately  43.5  HJ/KG  (18500  BTU/IBM).  Thus  to  achieve 
a  higher  energy  density  on  a  volumetric  basis,  the  specific  gravity  of  th*  fuel  must  be  Increased. 
The  means  of  Incraaalng  th*  specific  gravity  of  a  hydrocarbon  fuel  Is  to  Increase  th*  aromatic 
content  of  the  fuel.  The  Inclusion  of  a  high  percentage  of  aromatic*  requires  access  to  th* 
appropriate  crude  stocks  and  unfortunately  also' carries  some  performance  penalties.  Incraaalng  th* 
volumetric  energy  content  can  potentially  cause  a  maaber  of  angina  optratlonal  problem*.  Control 
systems  which  do  not  provide  for  mat*  flow  motoring  of  tha  fuel  can  produce  excessive  acceleration 
rate*,  overtamparature  conditions,  or  overspeeding,  which  can  In  turn,  causa  durability  or  Internal 
aerodynamic*  problem*. 


Arcmatlc*  are  the  heavy  hydrocarbon*  In  a  fuel  bland  and  tharafora  ara  raquirad  to  ineraaaa 
to  produce  a  "ora  danaa  fual  with  Incraaaad  energy.  Aromatic*  whan  burning,  produce  a  i*ora  luminous 
flama  which  enhances  haat  tranafar  to  tha  combustor  walla.  This  incraaaad  hast  tranafar  results 
In  higher  akin  temperatures  and  hence  shortened  component  live*.  incraaaad  aromatics  alao  result* 
ina  somewhat  dec raised  combustion  efficiency  which  manifest*  itself  most  significantly  in  the 
production  of  undealraabla  amisalons,  most  notably  amoke.  Thu*  In  achieving  a  higher  anarpy  density 
fuel,  hot  section  durability  can  be  lessened,  and  increased  smoke  can  be  expected.  Tha  increased 
smoke  emissions  are  operationally  slpnlf leant  for  the  fighter  missions,  and  will  hava  Increasing 
Importanea  In  maritime  surveillance  at  subsurf ace-to-alr  weapons  become  more  heavily  utilized. 

The  vapour  pressure  which  a  fuel  blend  exhibits  will  be  high  If  there  Is  a  large  percentage 
of  volatile  components.  High  volatility  Is  desirable  for  pood  low  temperature  start  capabilities; 
however  that  tame  characteristic  can  give  rise  to  safety  problem*  and  other  problem*  such  as  fuel 
delivery  pump  vapour  lock.  The  HOF  goals  were  aimed  primarily  at  performence  as  the  safety  issues 
associated  with  shipboard  fuel  storage  aro  of  minor  concern  to  the  CF,  As  such,  the  HOF  vapour 
pressure  was  targeted  at  the  F40  level. 

The  flash  point  concerns  mirror  those  of  vapour  pressure,  and  once  again  it  was  determined 
to  attempt  to  obtain  good  low  temperature  start  characteristics  by  maintaining  a  relatively  low 
flash  point. 

Freeze  point,  cloud  point,  and  viscosity  are  characteristic*  which  ar*  interrelated  and  can 
be  discussed  together.  The  freeze  point  and  cloud  point  *re  assent 1  ally  the  same  and  describe  when 
wax  begins  to  crystallize  in  the  fuel.  The  formation  of  wax  1*  significant  In  that  the  wax  can  clog 
filters  or  fin*  orifices  causing  fuel  metering  problems.  Typically  freeze  point  and  viscosity  vary 
proportionally,  a  high  freeze  point  Indicating  a  high  viscosity  at  low  temperatures,  viscosity  is 
recognized  as  a  critical  parameter  in  term*  of  fuel  nozzle  spray  pattern*  and  atomization  which 
in  turn  affect  cold  startablllty  and  flame  stability.  As  stated  previously,  the  HOF  cold  start 
characteristics  ware  considered  to  be  .portance  In  assessing  that  fuels  acceptability  due  to 
both  cold  weather  operational  and  altitude  relight  conalderatlona. 


The  final  fuel  characteristic*  to  b*  discussed  era  the  chemical  contaminants.  Tsr  sands 
derivatives  contsin  higher  levels  of  auch  contaminant*  as  mercapton  aulfur  which  attacks  elastomers 
in  fuel  system  and  engine  control  component!.  The  goals  of  tha  HOF  bland  would  have  to  be  to 
minimize  the  trace  element  contaminants  and  also  to  aaaaas  the  affects  of  tha  actual  contaminant 
levels  during  component  testing. 


rat  proqrah 

The  specif tcatlon  of  HOF  characteristics,  and  verification  of  the  fuels  operational 
acceptance  wa*  to  D*  carried  out  In  five  phases  as  daacrlbad  below. 

An  initial  teat  program  was  used  to  Identify  the  critical  blend  factors  for  HOF  to  assess 
whether  the  operational  goal*  were  possible  st  the  Increased  density  level.  This  testing  was 
conducted  at  Unlvarslte  level  (Ref  8.)  and  utilized  a  scaled  research  combustor  at  two  constant 
temperature,  constant  praaaure  conditions.  The  combustor  smploysd  a  pressure  Jet  atomizer  and  had 
twelve  thermocouples  Installsd  at  four  planar  locations  on  the  combustor  wall.  Table  6  provides 
a  comparison  of  the  critical  characteristic*  of  the  five  sample  HOF  blends,  as  well  as  for  the  as- 
testad  F40. 


Property 

HOF 

HOF 

HOF 

HOF 

HOF 

F40 

A 

B 

C 

0 

E 

Specific  Gravity 

.846 

.663 

.641 

.649 

.861 

.754 

Hydrogen  Content 
(mass) 

.133 

.126 

.136 

.133 

.132 

.145 

Viscosity  t  293 K 
(cSt) 

2.88 

3.13 

2.78 

3.16 

2.96 

.756 

Net  Calorific  Value 
(HJ/O 

36.9 

37.3 

36.9 

36.9 

37.1 

32.8 

TABLE  S.  -  PROPERTIES  OF  TEST  FUELS 
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Th1»  tMt  program  oonflnaed  the  expected  fuel  performance  characteristics.  AM  HOP  blends 
burned  alightly  Hn  efficiently,  end  produced  more  pollutants  *t>d  viaible  amissions  then  the  F40. 
seme  inoreeee  in  nil  temperature*  In  the  prlmry  combustion  tone  of  the  combustor  wet  obeerved 
for  ell  HOF  blonde;  however,  in  eenertl  the  effeeta  were  not  oonaldered  significant.  Once  peat  the 
prieary  tone,  there  were  only  negligible  wall  teaperature  dlfferenoea.  In  feet,  thla  initial  teat 
phase  Indicated  that  although  further  teetlng  would  be  neoeaeary  to  quantitatively  aaaeaa  viaible 
amissions;  there  waa  no  obvloua  taped  leant  to  the  further  teatlng  of  the  HOF.  For  the  met  part 
aM  HOF  blende  performed  aquaMy  weM. 

The  aacond  phaaa  of  teatlng  wet  conducted  in  a  combustor  rig  at  the  Gas  Dynamic*  Lab  of  the 
National  Research  council  of  Canada  (leaf  a.).  Aa  apposed  to  the  phaaa  1  ataoapharlc  preaaura 
teatlng,  the  ccmbuatlon  condition*  in  phase  2,  approached  the  normal  operating  taaperaturea  and 
preaaurea  of  the  Tie  series  of  anginas  used  In  the  CPiao  (p-j),  and  cciw  aircraft.  For  thla  teat 
program  F40  and  Jet  A-1  (NATO  FSS  and  similar  to  F34)  were  used  for  comparative  purposes.  The  HOF 
blend*  taatad  were  the  tame  aa  In  the  Laval  testa.  The  significant  conclusions  for  this  teat 
program  were  that: 

a.  Emission  species  for  all  test  and  reference  fuels  were  similar  In  nature  and  concentration 
levels; 

b.  No  significant  Increases  In  wall  temperatures  were  noted  for  any  of  the  test  or  reference 
fuels; 

c.  The  sank*  levels  for  the  all  HOF  blends  showed  little  variance,  and  wara  slightly  greater 
than  for  F3S  and  F40,  but  not  unacceptably  high;  and 

d.  Exhaust  gas  temperaturas  were  higher  for  the  HOF  fuel  blends  than  for  F40,  which  may  be 
significant  in  term*  of  IR  signature. 

The  final  conclusion  of  the  Ref  e.  report  waa  that  the  HOF  fuel  performed  simllarlly  to  the 
reference  fuels,  and  that  there  appeared  to  be  no  reason  for  concern  about  conducting  full  scale 
angina  tasting. 

The  third  phase  of  tasting  was  conducted  at  Pratt  and  Whitney  Canada  in  conjunction  with 
advance  Igniter  tasting  (Ref  a.).  This  phase  of  teatlng  waa  Intended  primarily  to  verify  the  cold 
start  characteristics  of  the  HOF  type  blend.  The  same  five  HOF  blends  were  tasted  along  with  F40 
and  F38  reference  fuels  In  a  PW300  full  annulus  test  Mg.  The  test  rig  employs  22  air  blast  nozzles 
and  two  hybrid  pressure  atom uing/alrb last  nozzles.  Combustor  pressure  drop  was  varied  from  two 
to  five  inches  of  water,  and  the  Inlet  temperatures  varied  down  to  -29C  (-20F).  The  low  pressure 
drop*  and  temperature  represent  a  severe  test  condition,  particularly  for  air  blast  nozzles  which 
depend  on  relatively  high  velocities  to  assure  adequate  atomization. 

Once  again  the  teat  results  ware  most  favourable  for  the  HOF  blends.  The  HDF  blends  started 
down  to  the  lowest  temperatures  at  the  minimal  pressure  drops  which  represent  the  most  sever* 
relight  conditions.  The  HOF  blends  performed  at  well  aa  the  F40  reference  fuel  and  exceeded  the 
F3S  start  characteristics.  The  high  viscosities  of  the  HOF  blends  were  anticipated  to  causa  a 
worsening  of  the  fuala  cold  start  capabllltlat  but  that  was  not  borne  out  In  the  test  observations. 
These  test  results  challenge  tom  previous  concepts  of  fuel  performance. 

At  the  time  of  writing,  the  previous  three  test  phases  had  been  completed.  The  remaining 
two  test  sequences  are  Intended  to  Identify  fuel  acceptability  using  full  scale  engine  tests,  and 
finally,  flight  test.  Full  scale  engine  testing  will  be  conducted  on  the  T56  engine  and  the  F404 
engine  used  in  the  CF  18.  The  flight  teatlng  will  most  likely  be  carried  out  using  a  CF  18 
aircraft.  Engine  full  scale  teatlng  will  have  the  following  objectives: 

a.  To  verify  acceptable  engine  performance  using  HOF  fuels,  this  will  be  achieved  by  conducting 
back-to-back  power  hooks  on  certified  laboratory  quality  test  stands,  using  F40  and  HDF; 

b.  To  verify  that  no  accelerated  hot  taction  duress  occurs  by  the  conduct  of  limited  scope 
Accelerated  Mission  Testing  (AHT)  (ISO  hour*  for  the  TS8,  50  hours  for  the  F404); 

c.  To  quantify  both  visible  emission*  and  pollutants  produced  by  the  us*  of  HDF;  and 

d.  To  conduct  cold  soak  atmospheric  starts. 
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Fig. 5  KC-130  and  CC-187  Tsnksr  Mission  Profils 
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SUMMARY 

‘  "Future  Large  Aircraft"  is  s  goneric  term  used  to  describe  e  future  medium  sised 
tectioel  transport  aircraft  and  derivatives  for  other  roles.  Its  design  will  utilise 
modern  technology  to  provide  a  replacement  for  airforces'  mixed  fleets  of  Hercules, 
Transall  and  a  multitude  of  other  aircraft  used  in  tanking,  maritime  patrol,  and  other 
such  roles. 

Studies  conducted  so  far  have  shown  the  powerplant  to  be  the  key  technology  for  a  new 
military  transport  aircraft.  Relative  to  the  Hercules  and  Transall,  large  gains  in 
capability,  and  savings  in  cost,  are  available  with  modern  powerplants.  The  influence 
of  powerplant  selection  is  so  critical  that  it  is  likely  to  drive  the  mission  capability 
that  can  be  economically  provided. 

This  paper  identifies  the  main  design  requirements  for  this  type  of  aircraft.  The 
benefits  of  sudern  technology  when  applied  to  both  airframe  and  engine  in  a  military 
transport  are  discussed.  Turboprop,  turbofan,  and  propfan  engines  are  compared,  and  the 
benefits  and  availability  of  civil  engines  reviewed. 

Finally,  several  different  aircraft  solutions  are  presented,  covering  the  range  of 
possible  powerplants.  and  their  characteristics  compared.,’  '  .V 

au 


List  of  Abbreviation  "vt  v 

BURR  -  Basic  Unscheduled  Removal  Rate 

C/USG  -  Cents  per  US  Gallon 

SHOPS  •  Extended  Range  Operations 

IFSD  -  In  Flight  Shutdown 

IMH/FH  -  Maintenance  Manhours  per  Flying  Hour 

MIBM  -  Mean  Time  Between  Maintenance 

HTOW  -  Maxima  Take  Off  Weight 

OPR  -  Overall  Pressure  Ratio 

SFC  -  Specific  Fuel  Consumption 

TRT  •  Turbine  Entry  Temperature 

H.Bi  Abbreviations  lainc  the  text  are  omitted. 


^  Jet  -ft  a 


"Future  Large  Aircraft"  (FLA)  is  a  generic  term  used  by  the  FLA  Exploratory  Group 
(FLAM)  of  the  Independent  European  Program*  Group  (IEPG)  to  describe  future, 
medium-site  (approx  75-125  ton  AUW  [All  Up  Weight))  tranaport  aircraft,  and 
derivatives  intended  for  tank  maritime  patrol,  airborne  early  warning,  electronic 
reconnaissance  or  other  large  aircraft  roles. 

BAs  have  been  working  tonally  with  other  companies  since  December  1982  on  a  transport 
aircraft  to  replace  the  C-130  Hercules  and  C-1S0  Transall.  Rolls-Royce  and  other  major 
engine  manufacturers  have  supported  this  work  by  providing  comprehensive  powerplant 
data.  It  should  be  understood  that  although  this  paper  is  presented  under  a  joint 
Britlah  Aerospace /Rolls-Royce  banner  there  is  no  agreement  or  arrangement  between 
British  Aerospace  and  Rolls-Royce  on  this  type  of  aircraft.  The  co-operation  between 
the  two  companies  on  this  paper  was  arranged  purely  to  give  a  balanced  view  on  the  topic 
presented,  representing  the  sirfrane  and  engine  manufacturer’s  viewpoint.  The  content 
of  this  paper  expresses  the  opinions  of  the  authors  and  does  not  represent  official 
policy  of  British  Aerospace,  or  Rolls-Royce.  0  *|  08833 
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TECHNOLOGY  AVAILABLE  FOR  fLA 


Figure  1  shows  the  large  gap  in  technology  aval labia  for  a  Heroules/Trensail 
raplaoaiaant .  In  tha  civil  tranaport  fiald  thara  have  been  aeveral  generations  of 
aircraft  developed  aince  the  1950's,  progressing  from  the  Boeing  707,  to  the  current 
state  of  the  art,  the  Airbua  A320.  Big  improvements  have  been  made  in  operating 
aconeniaa,  reliability,  maintainability,  aafety,  comfort  and  nolae.  For  the  military, 
in  aeveral  countriea,  fighter  aircraft  have  continued  to  puah  back  the  frontiera  of 
technology,  egi  tha  defence  of  the  UK  now  dependa  on  the  Tornado  whereas  the  Hawker 
Hunter  was  the  mainstay  in  the  1950a.  USAF  Military  Airlift  command  have  taken 
advantage  of  technologies  available  with  the  C141,  C5  and  the  current  programme,  the 
C17.  During  this  time  there  hra  not  been  a  complete  vacuum  for  the  Tactical  Tranaport. 
In  the  I960' a  in  the  UK,  the  Armstrong  Whitworth  AW681  was  under  development,  then 
cancelled.  In  the  1970a  in  the  USA,  YC14  and  YC15  prototypes  were  flown,  then  axed. 

All  these  programmes  placed  a  big  emphasis  on  short  field  capability  which  drove  the 
complexity,  weight  and  coat  up  and  hence  led  to  their  downfall.  In  the  meantime  the 
majority  of  the  world's  air  forces  have  made  do  with  Hercules  levels  of  performance  and 
sales  have  reached  1900. 

The  current  emphasis  is  to  utilise  established  technologies  available  from  civil 
transports  in  a  new  design  to  replace  the  Hercules  and  Transall.  Where  readily 
available,  capability  gains  will  be  made.  This  is  not  the  type  of  aircraft  where  the 
customer  needs  are  pushing  back  the  frontiera  of  technology.  Modern  technology  will  be 
used  to  offer  a  cheaper  and  a  more  capable  answer. 

The  technology  which  has  had  the  most  impact  and  in  the  main  driven  aircraft  design 
throughout  aviation  history  has  been  the  powerplant.  In  the  last  thirty  five  years  the 
turbofan  type  of  powerplant  has  dominated  the  thinking  of  designers  of  civil  transports. 
Immense  improvements  have  been  made  in  performance,  weight  and  reliability,  all  of  which 
have  led  to  the  huge  growth  of  civil  air  transport.  Recently  reliability  improvements 
have  allowed  designers  to  develop  long  range  twins.  The  improvements  offered  by 
powerplants  are  described  later  in  this  paper. 

During  the  1980s  high  speed  propellers  were  given  significant  attention,  driven  by  a 
four-fold  increase  in  fuel  price  and  forecasts  for  still  further  increases.  For  all  but 
commuter  aircraft,  propeller  development  had  practically  stopped  in  the  1950a.  Aircraft 
projects  by  several  major  manufacturers,  for  new  and  developed  aircraft,  were  dominated 
by  advanced  open  rotor  powerplants,  particularly  for  capacities  around  100  to  150  seats. 
Proof  of  concept  research  was  led  by  three  major  flight  test  programmes.  The  fuel 
saving  potential  of  this  type  of  powt.pl ant  led  to  its  selection  as  the  baseline  for 
FIMA  (Future  International  Military  Air lifter)  studies  in  the  late  1980s.  Hence 
published  data  on  FIMA  aircraft  featured  mainly  a  four  contra-rotating  propeller 
solution  as  shown  on  Figure  2.  Recently,  civil  studies  have  concentrated  mainly  on 
turbofans.  The  situation  has  been  influenced  mainly  by  the  fall  in  relative  fuel  price 
over  the  last  few  years.  Also,  although  the  technology  has  been  demonstrated,  the 
airlines  have  shown  reluctance  to  take  what  they  consider  to  be  the  risk  of  an  immature 
product. 


DRIVING  INFLUENCES  ON  DESIGM 


The  design  process  for  an  aircraft  of  this  type  is  shown  on  Figure  3.  The  design  must 
achieve  a  required  wartime  capability  which  is  significantly  different  to  its  peacetime 
usage.  Peacetime  operation  is  however  a  major  consideration  as  it  drives  Life  Cycle 
Costs.  Powerplant  selection  has  a  very  strong  influence  on  this  process.  Powerplant 
selection  will  drive  the  aircraft  configuration  and  its  geometry  to  achieve  the 
requirements  stipulated.  To  achieve  a  given  level  of  field  performance  with  alternative 
types  of  powerplants  will  require  different  compromises  in  high  lift  systems  and  wing 
geometry.  Fuel  volume  may  or  may  not  be  a  driver  on  wing  site,  being  dependent  on  the 
fuel  consumption  of  the  powerplant. 

Requirements  usually  get  somewhat  compromised  by  cost;  therefore  powerplant  selection 
will  have  a  major  influence  on  the  level  of  capability  that  is  affordable. 


FLA  CONSIDERATIONS 


The  Payload-Range  capability  of  an  FLA  is  shown  in  comparison  with  the  c-130  and  C-160 
on  Figure  4.  FLA  requirements  are  not  yet  fixed,  but  for  all  nations  the  capability 
desired  is  far  greater  than  that  of  the  aircraft  to  be  replaced. 
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Current  FLA  concepts  envisage  •  lOOKt  speed  advantage  and  s  such  larger  fuselage  than 
tha  C-130.  This  is  In  order  to  allow  side  by  side  loading  of  wheeled  vehicles  and 
avoids  the  bulbing  out  problems  of  the  existing  airoraft.  field  capability  is  also 
better  than  that  of  the  Hercules.  Tha  gross  weight  of  an  FLA  is  likely  to  be  10-115 
tonnes  coopered  with  70.3  tonnes  for  the  C-130H.  Modern  technology  will  viable  major 
gains  in  capability  to  be  achieved  with  only  a  Modest  increase  in  weight. 

A  weight  breakdown  comparison  of  the  c-130  and  an  example  FLA  are  depioted  on  Figure  5. 
The  FLA  illustrated  is  powered  by  four  turbofans  and  has  a  maximum  payload  of  25  tonnes. 
A  design  range  with  mawlmms  payload  of  2150nm  has  been  asmssed.  This  shews  that  even 
with  greater  payload  and  range  capability,  FLA  retains  a  similar  '  taakdown.  The  payload 
of  the  Hercules  is  shown  at  its  design  case  of  2.5g  whereas  the  FLA  payload  la 
illustrated  at  3.0g.  The  powerplant  plus  fuel  weight  la  shown  to  account  for  a  major 
fraction  on  both  aircraft. 

one  of  the  major  benefits  of  modern  technology  is  illustrated  by  Figure  6  which  compares 
reliability  breakdowns  of  the  C-130H  and  FLA.  Tha  FLA,  despite  being  a  larger  more 
capable  airoraft,  is  shown  to  suffer  far  fewer  failures  than  the  current  aircraft.  This 
will  have  a  strong  influence  on  availability  which  in  ourrent  C-130  fleets  is  poor  by 
modern  standards.  Reliability  and  availability  have  an  inpact  on  fleet  site  required, 
which  of  course  is  directly  linked  to  fleet  coat  and  life  cycle  cost.  Powerplant 
problans  are  shown  to  account  for  a  significant  proportion  of  the  failures  on  the 
current  aircraft.  On  FLA  the  fraction  of  failures  which  is  powerplant  driven  is 
shown  to  be  lower.  The  gain  in  reliability  of  powerplanta  in  the  last  thirty-five 
years,  which  is  very  well  established,  is  dealt  with  later  in  this  paper. 

A  further  illustration  of  the  benefits  of  modern  technology  ia  shown  In  Figure  7.  The 
maintenance  manhours  per  flying  hour  are  shown  to  be  dramatically  lower  for  the  FLA  than 
for  the  C-130H.  In  addition  to  the  strong  influenca  on  life  cycle  aoats  this  also 
directly  relates  to  the  manpower  required.  Manpower  shortages  are  expected  to  be  an 
even  bigger  problem  in  the  future  than  today.  Civil  contracting  of  military  aircraft 
maintenance  is  already  established  and  ia  likely  to  become  even  more  necessary  in  the 
future,  due  to  increeeed  pressure  for  reduction  of  defence  spending.  For  greater 
flexibility  in  the  places  where  maintenance  1s  conducted,  it  is  import \ut  that  the 
military  aircraft  are  kept  abreast  of  modern  systems  and  maintenance  procedures. 
Otherwise  civil  maintenance  concerns  will  either  charge  far  more  or  reject  the  work  as 
their  staff  will  not  be  suitably  trained.  This  is  particularly  relevant  -o  the  enrine 
maintenance,  which  although  making  a  major  contribution  to  the  overall  retuefion  in 
maintenance  manhours  required,  remains  a  major  contributor  to  FLA  maintenance 
requirements,  amounting  to  about  one  th.rd  of  the  total  maintenance  manhours. 

The  impact  of  the  maintenance  coat  reductions  on  Life  Cycle  Costs  is  illuatrated  on 
Figure  B.  The  acquisition  cost  per  aircraft  for  an  FLA,  to  meet  the  requirements  being 
asked  for  by  luropean  Air  forces  is  likely  to  be  significantly  greater  than  tha  C-130H. 
This  is  counter-balanced  by  major  reductions  in  both  airframe  and  engine  maintenance 
coats  to  enable  comparable  life  cycle  aosta  per  aircraft  to  be  achieved.  To  achieve  a 
given  airlift  capability  the  fleet  site  of  a  Hercules  fleet  would  have  to  be  50%  to  100% 
greater  than  a  fleet  of  FLA.  Hence  the  C-130  fleet  would  have  considerably  greater  Life 
Cycle  Cost  for  a  given  airlift  capability.  The  figure  also  illustrates  the  major 
reduction  in  personnel  required  for  an  FLA. 


ADVANCES  IN  BMOIHE  TROPOLOGY 


The  benefits  of  modern  military  transport  aircraft  over  their  turboprop  powered 
predecessors  have  just  been  demonstrated.  The  contribution  of  the  powerplant  to  these 
benefits  will  now  be  considered  in  more  detail. 

Military  aircraft  which  are  primarily  intended  for  active  warfare,  such  as  fighters, 
impose  different  constraints  on  engine  design  from  those  which  are  intended  for  support 
duties.  FLA  is  primarily  Intended  as  s  transport  aircraft,  and  although  it  may  aee 
active  service,  the  engine  design  considsrations  srs  closer  to  civil  transports  than  to 
military  fighters.  In  design  terms  this  means  an  engine  optimised  for  low  fuel  burn  and 
high  reliability  rather  than  high  thrust  to  weight  ratio. 

Trends  in  overall  efficiency  of  civil  transport  engines  are  illustrated  in  Figure  9,  and 
described  in  Reference  1.  The  change  from  propeller  engines  to  turbojets  was  motivated 
by  the  high  speed  capability  offered  by  the  latter,  and  it  was  not  until  the 
introduction  of  the  high-bypass  turbofan  that  the  overall  efficiency  offered  by  the 
piston  engine  was  squalled. 

Turboprops  offered  considerably  better  efficiency  than  early  turbojets,  but  cheap  fuel 
allowed  the  speed  advantage  of  the  jet  to  predominate  on  all  but  short  range 
applications.  However,  the  large  riae  in  fuel  price  in  the  early  1980’s  prompted  a 
propeller  renaiaaance  in  the  form  of  advanced  turbopropa  and  contrapxops.  These  new 
derivatives  offer  much  higher  speed  capability,  combined  with  higher  efficiencies. 
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Between  Che  turbofaa  and  the  propfan  lie  advanced  due  tad  enginea.  They  combine  bom  of 
tha  propulsive  efficiency  gain  of  the  advanced  propeller  with  tha  apaad  capability  of 
tha  turbofan. 

Tha  aaro-powarplant  atory  oould  turn  full  circle,  with  a  eatuxn  to  platan  angina  powered 
propallar*,  if  apaqulatlva  propoaala  such  aa  tba  adiabatic  dlaaal  bsoama  practical 
propoaitlona.  However,  a loh  propoaala  ara  unlikely  in  today'a  market  eondltiona,  given 
their  weight,  coat,  and  risk  panaltiaa. 

Of  tba  powerplant  option*  shown,  turboprop,  turbofan  and  propfan  ware  oonaldarad  tba 
moat  suitable  for  FIA.  Advanoad  ducted  prapellara  do  not  yat  offer  auffioiant  economic 
inoantiva  to  warrant  their  introduction  into  airline  eervioe,  although  nob  raaaaroh 
work  ia  being  oarriad  cut  in  readiness  for  nore  favourable  narket  condition*. 

Turboprop  davalopeant  ulawad  through  tha  1970 ’a,  until  tha  introduction  of  propfan 
atudiea  in  tha  1980' «.  However,  the  component  and  cycle  advance*  achieved  in  turbofan 
davelopaant  can  aaaily  ha  incorporated  into  turboprop# ■  Figure  10  danonatratea  how  tha 
ataady  improvements  in  turbofan  ao^onant  and  oyole  affioianoiaa  ware  achieved.  The 
introduction  of  tha  high  bypeaa  aingla  atega  fan  in  anginaa  like  tha  Rolls-Royce  RB2ii 
gave  tha  large  atap  increase  in  propulsive  effloieney. 

If  Figure  10  ware  drawn  for  gas  turbine  propallar  anginas,  a  similar  atory  would  unfold. 
Cycle  and  coaponant  affiaiancias  would  gradually  inoreaaa,  and  contra-rotating 
propeller*  have  brought  a  significant  propulaiva  efficiency  gain. 

Rising  cycle  efficiencies  result  from  increasing  combustion  temperature  levels  and 
increasing  overall  prasaure  ratios i  this  ia  demonstrated  in  Figure  11  and  discussed  in 
Reference  2.  It  ia  important  to  note  that  tha  trend  for  increaaing  cycle  pressure*  and 
temperatures  is  flattening  off.  High  oyole  temperatures  and  pressures,  near  to  tha 
technology  limit,  result  In  a  sharp  fall -off  in  coaponant  lifa  and  increased  maintenance 
coat.  In  recent  years  angina  design  has  moved  away  from  tha  absolute  technology  limit 
to  the  benefit  of  maintenance  coat  ao  aa  to  achieve  the  lowest  ooat  of  ownership.  The 
law  of  diminishing  returns  anaurea  that  a  large  increase  in  cycle  temperature  or 
pressure  is  necessary  for  a  relatively  small  performance  gain,  but  with  a 
disproportionately  large  inoreaaa  in  Mintenance  coats. 

Nature  reliability  trands  for  two  Rolls-Royce  engines  ara  shown  in  Figure  12.  generally 
speaking,  each  new  generation  of  angina  has  twioe  the  mature  reliability  of  its 
predecessor.  This  improvement  ia  achieved  by  designing  in  reliability  from  the  outset, 
in  both  the  mechanical  and  cycle  design.  The  reliability  advantages  of  a  derivative 
rather  than  a  new  design  are,  therefore,  obvioua. 

The  importance  of  reliability  in  an  aeroplane  should  not  be  underestimated,  apart  from 
obvioua  safety  benefits,  the  economic  and  operational  advantages  are  considerable,  a 
delayed  takeoff  or  aborted  flight  can  involve  expensive  rescheduling  and  passenger 
hospitality,  apart  from  tha  coat  of  engine  repair.  Nore  insidious  aspects  of 
unreliability  ara  the  effect  on  operator  image,  and  the  increase  in  fleet  cite  necessary 
when  soma  aircraft  are  unserviceable. 

In  military  terms,  in  addition  to  the  economics  of  reliability,  there  are  the  crucial 
effects  on  operational  capability  of  unserviceable  aircraft,  or  the  possible  political 
embarrassment  of  an  aborted  flight. 


POWKRPLAHT  CHOICE 


Having  looked  at  the  advances  in  efficiency  and  reliability  of  civil  aero  engines  over 
recent  years,  the  choice  of  powerplant  for  FLA  will  now  be  considered. 

The  relatively  poor  propulsive  efficiency  of  turboprops  at  Mach  numbers  greater  than  0.6 
ia  demonstrated  in  Figure  13.  Increasing  arulse  speed  allows  reductions  in  fleet  alee 
since  aircraft  productivity  is  improved,  particularly  in  medium  and  long  range 
applications. 

conventional  turboprops  do  not  offer  sufficient  sfc  benefit  to  offset  their  low  speed 
capability,  except  in  small  abort  range  applications .  Evan  here  the  turbofan  is  being 
considered  because  of  increased  passenger  comfort  and  speed. 

Propfan*  offer  batter  speed  capability  than  turboprop* ,  combined  with  high  efficiency. 

It  ia  difficult  to  refute  that  tha  propfan  will  eventually  arrive  aa  a  civil  powerplant. 
However,  its  arrival  will  ba  delayed  until  market  conditions  make  it  economically 
attractive,  given  tba  high  development  costa  necessary  to  bring  a  new  angina  concept 
into  civil  airline  service.  Against  its  sfc  advantage  over  the  turbofan  must  also  be 
offset  tha  installation,  noiae,  and  certification  problems.  These  will  eventually  be 
overcame ,  but  at  present  they  represent  a  riak  to  civil  operators.  Traditionally  a  7% 
DOC  (Direct  Operating  Coat)  advantage  is  required  before  it  become*  worthwhile  for 
manufacturer a  end  operators  to  launch  a  new  powerplant. 
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Figure  14  above  that  fuel  price  haa  to  go  over  1.60t /gallon  before  7%  mature  relative 
DOC  ia  achieved,  and  auch  high  fuel  prioea  a earn  unlikely  in  the  near  future.  If  initial 
relative  DOC  ia  conaidered,  the  arrival  of  the  propfan  la  even  further  away. 

Aviation  fuel  prieea  over  the  laae  20  yeara  ara  ahown  in  Figure  15  clearly  ahowing  the 
peak  in  the  early  1940' •  and  the  subaequsnt  fall  to  a  more  atable  lew  level. 

Fayload/range  ia  iaereaaed  in  re-engining  applioationa  with  propfan  powerplanta  due  to 
the  better  fuel  econcary.  However,  the  payload/range  benefit  would  be  email  in  typiaal 
civil  propfan  applioationa,  due  to  ahorter  average  atage  lengtha.  In  a  new  aircraft 
deaign,  the  propfan  would  be  uMd  to  reduce  aircraft  else  and  coat,  inatead  of 
increaaing  payload  range.  However,  the  low  utiliaatlon  of  FLA  and  hence  the  area 11 
contribution  made  by  fuel  to  DOC,  neana  that  if  tha  reduced  aircraft  coat  ia  countered 
by  increaaed  propfan  price,  any  economic  advantage  could  disappear. 

Turbofans  as  a  general  type  cover  a  wide  range  of  bypaaa  ratio,  and  an  attempt  to 
determine  the  optimum  level  of  bypaaa  ratio  (or  more  accurately,  specific  thruat),  ia 
made  in  Figure  16.  Bypaaa  ratio  ia  not  a  good  parametar  to  bane  auch  a  atudy  on,  since 
it  is  influenced  by  core  cycle,  whereas  specific  thruat  ia  directly  related  to 
propulsive  efficiency. 

Uninstalled  engine  sfc  decreases  with  decreasing  specific  thruat,  beoauae  propulsive 
efficiency  increases.  However,  Increasing  installation  drag,  resulting  from  larger  fan 
sites,  results  in  a  bucket  shape  for  installed  afo.  increasing  fan  site  results  in  a 
larger,  heavier  engine,  which  in  turn  coats  more.  The  effect  of  thia  is  to  shift  the 
optimum  specific  thruat  point  to  the  left,  if  minimum  engine  DOC  ia  to  be  obtained. 

It  ia  interesting  to  note  that  the  loop  shape  of  DOC  versus  specific  thrust  is  quite 
shallow.  Therefore,  a  significant  shift  away  from  optimum  apeoifio  thrust  implies  only 
a  small  DOC  penalty.  Risk  decreasea  with  Increaaed  specific  thruat,  since  that  ia  where 
today's  engines  are  positioned,  although  increaaing  fuel  price  would  shift  the  optimum 
point  to  the  right. 

On  balance,  the  market  is  opting  for  a  specific  thruat  level  of  about  15  with  a  modern 
high-bypass  turbofan  engine. 

It  should  be  noted  that  the  above  picture  ia  only  true  for  medium/long  range 
applications.  At  shorter  ranges,  cost  and  weight  have  more  impact,  moving  the  optimum 
specific  thrust  point  further  left. 


ADVAHTAGKS  OF  CIVIL  POWKRFLAHTS 


Given  that  the  FLA  engine  design  requirements  are  similar  to  those  of  a  civil  engine, 
then  there  are  powerful  arguments  in  favour  of  using  an  existing  civil  engine,  as  listed 
in  Figure  17. 

Reliability  ia  an  important  attribute  for  all  civil  engines,  and  an  existing  civil 
engine  will  have  demonstrated  its  reliability  in  service.  Even  a  new  civil  engine  will 
have  undergone  considerable  development  before  service  introduction. 

Competition  ia  a  powerful  driver  for  any  engine  manufacturer  to  keep  its  products 
saleable.  Thus  competition  means  continuous  development  over  the  life  of  the  engine, 
and  engine  performance  will  be  continually  Improved.  These  improvements  can  usually  be 
incorporated  in  the  form  of  upgrade  packagea  into  axisting  angines,  enabling  an  operator 
to  keep  engines  up  to  date  over  a  long  period. 

Economic  arguments  will  usually  point  in  favour  of  using  an  existing  civil  engine. 
Development  coats  will  be  spread  over  a  large  number  of  units,  and  civil  contracts 
provide  a  powerful  incentive  for  the  engine  manufacturer  to  keep  to  timescales.  The 
design  of  tha  engine  will  be  euch  as  to  minimise  engine  opur sting  costs,  and  market 
forces  will  ensure  further  angina  development. 

Commonality  of  tha  military  aircraft  powerplant  with  civil  anginas  allows  maintenance  at 
many  external  agencies,  which  ia  usually  cheaper  than  traditional  military  maintenance. 

Civil  engine  availability  ia  summarised  in  Figure  18.  Low  bypaaa  turbofana  and 
turboprops  have  been  largely  superseded  by  high  bypass  turbofans  and  advanced 
turbopropa.  Ho  turboprop  on  the  market  at  present  meets  tha  FLA  thrust  rsquirsmsnts,  so 
s  new  or  developed  engine  would  be  required.  Economic  arguments  already  discussed  will 
probably  delay  tha  introduction  of  oontrapropa  and  advanaed  ducted  propellers  until  a 
large  fuel  price  rise  occurs.  Tha  civil  angina  market  is  effectivsly  limited  st  present 
to  turbofens  snd  sdvsnced  turboprop#. 


FLA  oould  be  configured  «•  either  *  two,  three  or  four  engined  eiroreft.  Figure  19 
— — < —  the  advantages  end  disadvantages  of  eeoh  option.  Three  engine  eolutiona  pots 
the  major  problem  of  combining  e  tail  mounted  engine  and  rear  loading  door.  Twina  have 
an  economic  advantage,  but  aafety  and  operational  diaadvantagee  when  one  engine  falla. 
Conversely,  the  four  engined  aircraft  tradea  a  little  economy  for  fewer  problame  when  an 
engine  failure  oocura. 

Field  performance  la  better  with  propeller  powarplanta  and,  to  e  leaner  extent,  4 
turbofana,  if  it  ia  not  a  deaign  parameter.  Although  field  performance  ia  not  preaantly 
a  critical  factor  for  a  FLA  a  change  in  deaign  reguir amenta  could  influence  the  choice 
of  powerplant  number  and  type. 


P0W1RPLAHT  COMCLUflOMa 


Powerplant  optiona  for  FLA  are  eummarieed  in  Figure  20.  The  major  diaadvantage  of  the 
turboprop  is  speed,  which  haa  an  economic  impact  whan  aircraft  operational  capability  ia 
accounted,  apart  from  the  obvious  increase  in  flight  time.  As  hen  bean  demonstrated, 
the  turbofan  suffers  e  little  in  fuel  burn,  but  haa  no  other  obvious  diaadvantagee.  In 
contrast,  the  propfan  has  several  diaadvantagee,  notably  the  risks  associated  with  it  at 
preaent,  and  ita  non-availability. 

The  fuel  economy  benefits  offered  by  the  propfan  in  the  FLA  applications  may  make  it 
appear  to  ba  the  beat  powerplant  ohoica.  However,  the  economic  advantage  ia  eroded  in 
FLA,  given  its  low  utilisation  and  tha  posaible  increased  capital  cost  of  propfana. 

Given  the  timeacale  constraints  imposed  by  the  FLA  programs,  and  the  present 
non-availability  of  the  propfan,  a  modern  turbofan  seems  to  be  the  moat  promising 
choice . 


COMPARISON  or  SOLUTIOWS  WITH  AUrgRHATIVB  POWBMLAHTS 


General  arrangements  of  solutions  with  4  turbofans,  2  turbofans  and  4  turbopropB  are 
shown  on  figures  21,  22  and  23  respectively.  All  are  high  wing,  T  tail  rear  loading 
configurations  with  wing  mounted  powerplants.  Alternative  configurations  have  been 
considered  in  the  past  and  rejected  for  a  variety  of  reaaone. 

The  main  characteristics  of  the  solutions  are  compared  in  figure  24  together  with  the  4 
contraprop  aircraft  desaribed  earlier.  Results  are  presented  for  a  25  tonne  maximum 
payload  at  3.0g  for  the  aontraprop  aircraft  and  20  tonnaa  for  the  others.  Cruise  mach 
numbar  is  0.65  for  tha  turboprop  aircraft;  this  ia  a  realistic  limit  for  efficient  use 
of  a  conventional  propeller.  All  the  other  solutions  cruise  it  M  =  0.72.  The  wing 
areas  of  the  4  turbofan,  2  turbofan  and  4  turboprop  aircraft  have  been  driven  by  fuel 
volume  requirements  on  a  long  range  mission.  Landing  considerations  fixed  the  wing  area 
of  the  4  contraprop  aircraft.  Cruise  requirements  have  driven  tha  powerplant  airs.  The 
maximum  take  off  power  of  10400  ahp  quoted  for  the  contraprop  aircraft  was  not  needed 
for  take  off  performance,  hence  the  engine  was  flat  rated  at  8SOO  ahp. 

The  Operating  Weight  Impty  (OWE)  of  the  2  turbofan  and  4  turboprop  solutions  are  shown 
to  be  signifioantly  lower  than  the  4  turbofan  solution.  The  4  contraprop  solution 
weights  are  not  comparable  with  the  others  because  of  the  different  deaign  payload.  The 
Maximum  Take  Off  Weight  (NTOW)  comparison  shows  a  similar  trend  to  that  of  the  oWE'a. 

The  benefit  of  low  fuel  consumption  of  the  4  turboprop  solution  results  in  the  lowest 
HTGM.  When  comparing  the  fuel  used  it  is  intsresting  to  note  the  2  turbofan  solution 
has  a  consumption  approximately  half  wsy  between  that  of  the  4  turbofan  and  the  4 
turboprop  solutions.  The  fuel  saving  offered  by  propellers  is  mors  pronounced  for 
typical  peacetime  operations  when  the  aircraft  are  generally  lightly  loaded  and  a  high 
proportion  of  flight  time  ia  spent  at  low  throttle  settings.  Clearly  the  4  contraprop 
solution  slso  offers  significant  fuel  consumption  benefits  which  are  shown  on  this 
comparison  despits  the  disparity  in  design  payload. 
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Advances  in  technology  alnoe  the  1950' a  have  led  to  major  improvements  to  civil 
transport  aircraft.  FLA  will  be  deaigned  to  take  full  advantage  of  available 
technology,  including  e  modern  powerplant  and  state  of  the  art  airframe,  systems  and 
avionics.  Major  cost  savings,  manpower  reductions  and  improved  capability  are  offered 
relative  to  old  technology  existing  aircraft. 
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The  turboprop  and  oontraprop  solutions  of  FLA  offar  big  potential  savings  in  fual 
consumption  as  would  ba  expected.  The  twin  turbofan  solution  offers  a  significant  fual 
consumption  advantage  over  4  turbofans.  Spaed  and  hence  productivity  is  a  disadvantage 
for  the  turboprop  solution.  Utilisation  of  available  civil  engines  is  considered  to  be 
vary  important  to  an  FLA  programs.  Contrapropa  nut?  seam  extremely  unlikely  to  ba 
fitted  to  a  civil  aircraft  prior  to  being  needed  fox  FLa.  Propeller  engines  of  the 
right  site  also  appear  to  be  unlikely  to  be  fitted  to  a  civil  programme  before  FLA. 

Developed  versions  of  existing  engines  may  however  ba  available. 

The  twin  turbofan  aolution  ia  likely  to  offer  significant  economic  advantage*  relative 
to  the  four  turbofan  and  enginea  of  the  right  else  are  certain  to  be  available,  on  the 
other  hand  any  twin  engined  solution  will  suffer  operational  disadvantages.  An  engine 
for  a  four  turboi'an  solution  ia  likely  to  ba  available  due  to  atrong  civil  interest  for 
100  aoater  applications. 

Nc  firm  conclusion  can  ba  drawn  at  thia  atage  on  the  bast  powerplant.  Trade-off  studies 
need  to  be  conducted  to  show  the  effects  on  life  cycle  coat  and  operational 
effectiveness. 

These  trade-offs  will  help  the  Ait  Forces  to  dacida  where  to  finalise  their 
requirements.  Then  further,  more  detailed,  analyst*  should  ba  conducted  prior  to  final 
powerplant  selection. 
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I  -  ABSTRACT 

Currant  atudlaa  hava  shown  tha  intaraat  of  vary  large  bypass 
ratio  anginas  <10  <  BPR  <  14)  to  power  Long  Kanga  Airliners, 
at  oruiaa  speed  exceeding  Mach  0.8.  A  further  benefit  in  tarn 
of  installed  8FC  can  ba  expect  ad  for  tha  Future  Large 
Aircraft  (FLA),  cruising  at  Mach  0.75. 


Compared  to  an  equivalent  turbofan,  a  very  large  bypass 
engine  can  deliver  a  higher  thrust  during  take  off,  thus 
improving  the  high  lift  capability  of  the  aircraft. 


Taking  into  account  that  a  conventional  front  fan  engine  is 
likely  to  show  a  large  Radar  Cross  section  (RCS),  and  that 
this  problem  would  have  to  be  addressed  for  FLA,  the  engine 
preferred  concept  is  a  Ducted  Aft  Contrafan.  The  resulting 
high  hub-tip  ratio  fan  flow  path,  combined  with  slow  rotating 
composite  fan-blades  is  indeed  a  good  approach  toward 
reduction  of  the  engine  RCS. 


II 


In  order  to  minimize  the  extra-weight  due  to  the  long  duct,  a 
highly  integrated  engine-wing  deaign  is  proposed,  offering  a 
reduced  friction  drag  ;  a  particular  attention  is  paid  to  the 
maintenance  and  transportation  problems. 
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INTRODUCTION 


In  the  past  few  years,  nany  advanced-project  studies  have 
been  done  for  the  Future  Large  Aircraft,  and  more  recently 
within  the  EUROFLAG  Organisation  .  Various  type  of  engines 
are  considered,  and  specifications  in  term  of  thrust,  SFC, 
and  operational  requirements  are  available  for  each  type,  in 
order  to  compare  their  merits  on  the  base  of 
Aircraft/Engine  Life  Cycle  Coat. 


So  far,  propfans  and  turbo fans  engines  have  been  proposed  by 
the  engine  manufacturers  Propfans  engines  are  very 
Interesting  in  terms  of  performance  but  much  work  has  still 
to  be  done  on  "on  wing"  installation.  Also,  their  physical 
avaibility  for  FLA  depends  on  the  evolution  of  fuel  price 
for  commercial  applications.  For  these  reasons,  emphasis  has 
been  put  recently  on  advanoed  commercial  turbofans  like  the 
CFM  56-5C  family  of  CFMI  and  their  derivetivea. 


The  CFM  56-5C2  (32  500  lbs  take  off  thrust)  is  a  good 
candidate  for  a  twin  engined  FLA.  Derivatives  of  the  CFM 
56-3  or  refanned  versions  using  the  CFM  56- 5C  core  are 
currently  studied  for  the  four  engined  aircraft  version. 
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The  Intent  of  thia  paper  is  to  show  a 
between  turbofen  (easy  installation) 
thermopropulaive  efficiency)  concepts. 
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"half-way  approach" 
and  propfan  (high 
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Conventional  tvrbofen  anginas  oeh  bo  considered  for  FLA, 
•1  titer  twin  or  four  engined  aircraft.  Twin  engining  oon  bo 
provided  by  two  72.3  inches  ten  disaster  CFM  56-C2  (ess 
Pig.l)  very  effioient  power  plants  being  developed  for  the 
Airbus  A  340.  This  engine  will  be  oertifioated  in  October 
1991. 


I f  a  four  engined  eiroraft  is  preferred,  a  CFM  96-3  type 
engine,  derated  to  approximately  16  klb  can  be  considered, 
should  an  “off  the  shelf  and  "short"  programs  be 
required. 


Other  "off  the  shelf"  engines  oould  be  candidate  for  FLA  if 
a  oomeroial  100  PAX  short  range  aircraft  is  launched  with 
a  derivative  or  a  new  turbofan  engine,  in  case  of  a  new 
engine,  this  one  would  provide  FLA  with  a  better  suited 
powerplant  installation  in  tares  of  thrust  level  and 
installed  SFC.  SNBCMA  has  nade  two  preliminary  dasign 
studies  of  new  100  PAX  engines.  The  first  one  is  a 
■par formant"  cycle  engine,  rated  at  18000  lb  of  SLS  thrust, 

with  a  55  "Fan  diameter"  ;  the  second  one  is  a  "low  cost" 
but  less  performant  cycle  engine,  with  a  55  "Fan  diameter’ 
and  alao  rated  at  18000  lb  SU9  thrust. 

Fig. 2  and  3  show  the  architecture  of  these  two  study 
anginas,  called  "M  123  A"  and  "M  123  B"  which  can  bo 
considered  as  "good  conventional"  anginas  for  a  four 
engined  FLA. 


Compared  to  the  CFM  56-3  at  the  same  thrust  level,  they 
offer  between  lo  and  15«  of  Cruise  8FC  saving,  and  30«  of 
weight  saving. 


IV  -  asaas  g  si  ess  g  »h  a *ia  Bangs  for  fla 


A  Very  High  By  pass  Ratio  engine  can  be  defined  by  its  By 
Pass  Ratio  (B.P.R.  -  Secondary  mass  flow,  of  a  value 

Primary  mass  flow 

located  between  the  ones  of  a  Conventional  Engine  ( BPR  -  6 
typically)  and  a  Propfan  Engine  (BPR  -  35  typically). 

Fig. 4  shows  a  potential  12  %  Specific  Fuel  Consumption 
(SFC)  saving  offered  by  a  Very  Hlgn  By  Pass  Ratio  engine 
(Engine  B  ;  BPR  •  15  typically)  over  a  Conventional 
Engine  (CFM  56  -5C)  at  a  35  Kft  Mach  0.75  cruise  speed. 
This  improvement  is  due  (at  a  given  technology  level)  to 
the  lncrsf.  in  propulsive  efficiency  provided  by  the 
higher  BPR  .  But  one  must  take  goo3~ care  that  this  saving 
is  not  totally  offset  by  the  fact  that  the  nacelle  of 
Engine  B  ,  being  1,5  times  bigger  than  the  CFM  56  -5C 
one,  will  be  heavier  and  provide  mors  drag.  In  order  to 
minimize  this  drawback,  SNBCMA  have  studied  a  highly 
integrated  englne/wlno  installation  which  will  be 
described  later,  resulting  in  a  project  called  "M  HO", 
based  on  the  CFM  56-5C  core  engine,  whose  sain  charac¬ 
teristics  are  given  in  Fig. 5,  compared  to  the  CFM  56  -5C, 
at  35  kft  -0.8  Mach  number. 


The  highly  integrated  design  allows  an  attractive  8,7  % 
cruise  SFC  saving  over  the  CFM  56  -5C,  taking  into  account 
the  naoelle  weight  effects  on  SFC  (0,7%)  and  also  the 
increase  in  naoslle/wing  interaction  drag  (1,3%)  on  SFC. 
This  saving  would  be  increased  by  approximately  1.5%  whan 
cruising  at  0.76  Mach  number. 

Another  interesting  feature  of  a  very  large  by-paee  ratio 
engine  for  FLA  la  ita  ability  to  procure  more  thruat  than  a 
conventional  engine  between  Mach  OarST  Mach  0.25  (take  off 
speed).  This  feature  can  enhance  the  short  take  off 
capability  of  the  aircraft. 
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v  -  USB  ooHvnrriowu.  to  iggfflr  iiitmmtid  amiaHai 

K  Conventional  (pod)  installation  suits  oonvsntlonsl 
sngtn**  well,  but  Vsry  High  By  Pass  engines  mi  not 
oonvsntlonsl  engines  1  bus  to  the  bio  ■!««  at  tSelr 
they  nssd  soma  dsvios  In  order  to  minimise  tits  nusbsr  of  low 
prsssurs  turbine  and  boostar  stages.  Fig. 6  shows  ths  various 
configurations  t  "N  109" ,  gsarsd  front  fan  >  "K  109  CR", 
gssrsd  front  oontrsfsn,  "H  110",  dlrsot  drivs  aft  oontiafan. 
Ths  studies  ors  today  in  favour  or  a  "H  no"  configuration 
uhleh  offers  a  bonus  of  2.0  %  S?5  over  the  gsarsd 

configuration  (gear  and  Gi£t*iahangar arsats  losses),  and 
thus  "pays"  its  extra  weight  (900  lb  over  ths  N  109)  at  an 
exchange  rata  of  0,6  %  8PC  per  2300  lb  of  dead  weight. 


installing  the  "M  110"  conoept  under  a  wing  has  given  risu 
to  two  sain  oonoems  shown  on  Fig. 7  :  Access  to  fan  and 
core,  and  the  ground-olearanoa. 


Fig. 8  and  9  show  that,  thanks  to  the  very  low  tip  speed  - 
(200  M/8)  of  the  dlrsot  drive  oontrafan,  which  results  in 
low  energy  oontalneant,  the  fan  oowl  oen  be  designed  to  be 
opened,  giving  direct  eooesa  to  the  fan  and  the  core  in  a 
way  which  is  even  battar  than  the  today  situation.  This 
conoept  (patented)  is  referred  below  as  "Fan  Cowl  Opening" 
oonoept. 


A  further  step  is  achieved  (aaa  Fig. 10),  in  order  to  reduce 
drag  and  weight,  by  integrating  the  upper  port  of  the 
nacelle  into  the  wing.  By  doing  so,  the  ground  clearance  is 
increased  significantly. 


The  studies  have  shown  that  the  resulting  weight  saving  is 
equivalent  to  the  weight  of  the  pylon  of  a  conventional 
engine  (600  kg). 


vi  -  proms;  TmassFOKTaTioM 

"Big  fan"  engines  are  a  headache  for  transportation. 

Fig.  11  and  12  show  the  different  stops  for  engine  removal 
with  the  "Fan  cowl  opening"  oonoept. 

It  can  be  noted  that  the  resulting  volume  and  weight  being 
carried  are  the  ones  of  the  oore  and  the  power  turbine,  plus 
the  ones  of  the  disassembled  fan  blades.  They  constitute  a 
smaller  volume  comparing  to  what  is  carried  today  when  a 
conventional  engine  of  the  same  thrust  is  removed  from  the 
wing. 

In  conclusion,  such  an  Integrated  design  benefits  to  the 
performance  of  the  "MHO"  concept,  as  said  in  paragraph  ill, 
and  provides  easier  maintenance  and  smaller  volume  and 
weight"- for  angina  transportation  ■  This  latter  advantage  is 
probably  significant  In  military  operations,  and  could 
.justify  further  studies. 


vii  -  mraMT  of  mi  ihtbobatbp  pkbiom  fox  w  reduction  or  the 
y.romi  fromt  mdm  crolm  section 


Future  Large  Aircraft  existing  requirements  do  not  ask  for 
ar.y  particular  Radar  Cross  Section  (R.C.S.)  protection. 

Obviously,  a  Military  Transport  Aircraft  of  conventional 
design  is  easily  detected,  due  to  its  large  dimensions. 
Nevertheless,  should  special  absorbent  materials  be  used 
for  the  airplane  surface,  the  else  of  the  fans  (or 
propellers)  of  to  day  large  bypass  anginas  make  them  easy 
to  identify,  especially  from  the  front  -(Counting  the 
number  of  fan  blades  is  a  common  radar  performance). 


8NBCMA  have  looked  at  the  possibility  of  reducing 
signlf loantly  the  RCS  of  a  large  by-pass  ratio  turbofan. 

A  computer  model  has  been  made  (see  Fig. 13)  simulating  two 
rows  of  blades  and  the  inner  and  outer  walls  of  a  turbofan. 


by  varying  tM  L/k  ratio  and  toy  Making  tha  book  atroaa  row 
of  blades  rotata  or  not,  ona  oan  simulate  in  a  sisple  way, 
a  turbofan  ( L/H  ■  0,5)  with  back  atroaa  row  of  bladaa  not 
rotating,  an  aft  oontrafan  (L/H  •  a)  with  back  atroaa  row 
contrarotating,  or  a  propfan  (  l/h  <  o,  l )  with 
aontrarotation. 


With  no  abaorbant  notarial  on  tha  ahrouda.  Fig. 14  ehowa  tha 
raaulting  aignatuxa  diagraaa  whan  ooaparing  tha  thraa  typaa 
of  anginaa. 

Tha  highaat  aignatura  at  O'  baaring  angla  la  for  tha 
turbofan,  and  tha  lowaat  is  for  tha  propfan,  tha  oontrafan 
baing  in  batwaan.  No  corraotion  haa  boon  aada  for  tha  fact 
that  tha  propfan  angina  would  ba  of  a  biggar  diaaatar  than 
turbofan  or  oontrafan  anginaa  of  tha  aaaa  thruat,  and  than 
would  actually  rank  worao. 


Duo  to  tha  fact  that  a  propfan  la  a  not  shrouded  angina, 
tha  only  way  to  raduoa  its  RCS  would  ba  to  uaa  abaorbant 
notarial  on  tha  bladaa.  Ma  hava  not  look  ad  at  thia  daaign 
ao  far,  bacauaa  it  la  difficult  to  coabina  t anal la 
raaiatanoa,  atiffnaaa  and  radar  abaorbant  proportion  in  a 
a ingin  coapoalta  material. 

Wa  hava  aada  aoaa  calculation  on  tha  turbofan  and  tha 
oontrafan  anginaa,  aaauaing  that  tha  ahrouda  would  be 
treated  with  abaorbant  aateriala.  Tha  raaulta  are  given  on 
Pig.  15.  They  a  how  that  raductiona  in  RCS  aignatura  oan  ba 
obtained  with  ahroud  treatments,  providing  that  L/H  ia 
auffiaiantly  high.  According  to  thia  figure.  -L/H  -  5  gives 
a  vary  important  reduction  in  RCS.  Tha  rcsultm  the  daaign 
is  a  auoh  longer  inlet  duct  than  usual.  A  cross  section  of 
the  "MllO"  concept  with  RCS  treatment  ia  shown  on  Fig.  16, 
in  an  integrated  anglna/wing  design.  This  type  of  nacelle 
is  also  wall  suited  for  noise  treatment  and  will  provide 
tha  aircraft  a  remarquablo  low  noise  operation. 

As  for  as  the  design  is  concerned,  tha  long  inlet  duct  is 
uvore  acceptable  on  tha  "MHO"  direct  drive  after  fan 
concept,  than  it  would  be  on  a  front  fan  concept  where  the 
over-hung  inlet  would  add  more  weight  and  loads  in  the 
mounting  system  as  shown  on  Fig. 17. 

In  conclusion,  if  a  requirement  is  set  on  the  RCS  of  FLA 
engines,  we  think  that  their  RCS  signature  can  be  greatly 
jtacrwwd  with  a  highly  integrated  engine/wing  design  of 
the  type  of  the  "Milo"  concept,  using  a  longer  inlet  duct 
treated  with  abaorbant  radar  materials.  This  arrangement 
would  also  provide  FLA  with  outstanding  low  noise 
operation. 


"LOW  RCS" . "M110"  PTO1WK  C0NC1PT 

As  said  above,  high  integration  to  the  wing  of  very  high 
by-pasa  engines  is  essential  to  take  the  best  of  the 
increase  in  bypass  ratio. 

As  shown  in  paragraphs  V  and  VI  the  "Fan-Cowl "Opening" 
concept  allows  excellent  maintenance  access,  and  easy 
engine  removal  together  with  smaller  volume  and  weight  to 
be  transported  than  existing  engines. 

Fig.  18,  shows  a  possible  arrangement  on  a  FLA  wing  at 
cruise  node. 

ie  *  01088  section  showing  the  Integrated  engine 
end  the  hypersustantation  flaps  at  engine  exit  during  take 
off  mode. 

Fig. 20  shows  the  reverse  node,  with  flaps  extended  and 
spoilers  deployed.  The  reverse  is  of  the  A  320/CFM  56 
target  doors  type,  with  three  120*  apart  doors,  one  at  the 
toP>  a  spoiler  location,  and  two  on  each  back  end  of 
the  "Fan  Opening  Cowls" . 


IX  -  COWCLUtlOW 
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Conventional  turbotan  engines  ara  oandldata  to  povar  tha 
Future  Large  Aircraft,  eft  tier  the  crM  56-  5C2  (twin)  or  a 
CFM  56-3  derivative  (four). 

If  •  Co— arolal  xoo  Paa  Aircraft  la  launched,  a  "New 
Conventional*  angina  oould  alao  fill  both  tha  Coma rclal 
and  FLA  ■pacifications  ;  the  55*  Fan  diameter  "M123*  prolact 
la  the  SNBCMA  approach  to  thla  question. 


A  naw  design  (not  oonventlonal )  oan  ba  envisaged,  taking 
benefit  of  tha  CFM  56-5  core  : 

a  A  Very  High  Bypass  Ratio  (typically  i«)  would 
Increase  cruise  performance.  providing  that  tha 
naoalla  la  highly  integrated  to  tha  wing  and  that  tha 
fan  Isa  .  directly  'driven  (no'  gear  and  heat  axohangar 
loaaaa).  Thrust  is  increased  during  taka  off  for  tha 
banafit  of  abort  take  off. 


a  A  Iona  lnlat  duct  would  provide,  with  proper 
treatment,  a  significant  decrease  in  Radar  Cxosa 
Section,  —king  tha  angina  wore  difficult  to 
identify.  Accordingly,  tha  aircraft  would  have  a 
r— arguable  low  noise  operation. 


a  These  features  are  found  in  tha  *M11Q"  after 
contrarotating  vary  high  bypass  turbofan  project.  A 
special  attention  haa  bean  paid  to  the  aaintanance 
access  to  tha  core  and  to  tha  transportation  problem. 
The  resulting  "Fan  Cowl  opening*  design  looks  vary 
promising  to  reduce  the  else  and  tha  weight  of  tha 
transported  angina,  and  could  ba  of  interest  In 
military  operations. 
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rif.S  ADVANCED  PROPULSION  SYSTEM  CONFIGURATIONS 

•  AN  then  studies  carried  out  with  CFM56-5  core  generator 


Configuration 

CFusa-sc 

M  109 

Geared  front 
Ian 

M106CR 
Geared  front 
contra  fan 

M 11C 

Direst  drive 
aft  contra  tan 

By  pat*  ratio 

6.3 

14 

14 

14 

Fan  preuura  ratio 

1.7 

1.3S 

1.36 

1.3S 

Overall  preewro  ratio 

37 

39 

39 

39 

SFC  uninstalled 

Bate 

•6.2% 

•8.3% 

- 10.9  % 

SFC  installed* 

Bate 

-5% 

-4.7% 

•  6.7  % 

-  Wing  nacrito  Interaction  oltod 

■  Ncc«l*  Mm  •(tod 

■  WMgMvItod 


35  Kft ;  0.8  (to  CRUISE 


Fig. 6  ADVANCED  PROPULSION  SYSTEM  CONFIGURATIONS 


11110 

^  Direct  drive  aft 
contra  fan 


M  110  FORMER  ARRANGEMENT 
Main  concerns 


1  -  Small  chord  struts 


8aHi 


2  -  Access  to  fan 

Accessories  and  core 


3  -  Ground  clearance 


M  110  ARRANGEMENT 
Mounting  system 


Upper  attachment  beam 


Front  spar 


Rear  spar 


m 


m 


m 


Lower  attachment  beam 
"  React  torque,  vertical 
_  and  side  loads 


and  side 


React  thrust 


IS&f 


6  O'clock  strut 


3  rear  struts 
react  vertical 
and  side  loads 
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Fig.9  M  110  ARRANGEMENT 

Fan  and  core  maintenance 


Opening  cowls  allows  for :  •  Borescope  access 

-  Blade  removal 

-  Servicing 

Nota : 

Fan  cowl  opening  (patented)  is  permitted  because  of  low  circumferential 
speed  (200  M/S)  of  contra  rotating  fan. 


Fig.10  M  1 1 0  ARRANGEMENT 

Advanced  installation  concept 


Wing  integrated  cowl 


Increased  ground 
clearance 


Weight  reduction: 
Upper  pait  of  nacelle 
included  in  Wing 


Ml  10  ARRANGEMENT 
Maintenance  study 


Fig. 11 


(7)  Cowls  opening 

M 110  ARRANGEMENT 
Fig.l2  Maintenance  study  (cont'd) 


(4)  Engine  down 


COMPARISON  BETWEEN  SURFACE  COATING  EFFICIENCY 


Mounting  (M)  and  Nacelle  (N)  loads 


"M109"  GEARED  FRONT  FAN 


"MHO"  DIRECT  DRIVE 
AFT  CONTRAFAN 
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THE  DEVELOPMENT  OF  VERY  THICK  MULTI  FOIL  WINGS 
FOR  HIGH  SPEED,  POWERED  LIFT  TRANSPORT  AIRCRAFT  APPLICATIONS 


AD-P006  253 


J-E.Farbridgc 

Manager,  Powered  Lift  Technology 
Boeing  of  Canada  Ltd.,  de  Havilland  Division 
Garatt  Boulevard 
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Canada 


SUMMARY 


Motivation  for  the  development  of  high  speed  multi-roll  wings  began  with  the  Boeing  Canada,  de  Havilland  Division  Powered  Lift 
Augmentor-Wing  Research  Aircraft  of  the  I970i.  This  was  a  low  speed,  Ultra-Short  Takeoff  and  Landing  (USTOL)  demonstrator  aircraft 
program,  which  used  a  blown  ejector  (multi-foil)  flap  at  the  trailing  edge  of  a  high  aspect  ratio  wing  to  provide  supercirculation  lift  with  a 
significant  augmentation  of  thrust  (effective  reduction  of  drag). 

While  the  initial  goal  for  the  development  of  the  multi-foil  section  was  to  simplify  the  serodynamic/propulsion  systems  integration  of  the 
powered  lift  system  for  high  speed  flight,  several  aerodynamic  advantages  also  accrued  relating  to  the  powerful  control  of  form  drag  exhibited  by 
the  section. 

The  paper  briefly  discusses  the  theoretical  development  of  multi-foils  between  IB%  and  30%  thickness/chord  and  presents  results  from  high 
Reynolds  number,  high  speed,  two-dimensional  and  three-dimensional  tunnel  teats  on  foils  up  to  24%  thickness/chord  ratio.  Both  blown  and 
unblcnvn  characteristics  of  the  foils  are  reviewed. 

The  integration  of  these  multi-foil  sections  into  high  speed  advnnced  USTOL  transport  sinraft  studies  using  the  ejector  flap  concept  has  led 
to  the  potential  for  very  efficient  cruising  transport  aircraft  with  USTOL  capability  using  only  the  thrust  required  for  cruise. 


Finally,  several  other  potential  upplications  for  thick  multi-foil  sections  are  briefly  discussed.  o ---  \  i  . 

i  ,  .  .  t'U'* 

*  Je*  a.^.Cro-4i-/  lafuoON  at  Aug¬ 

ust  OF  SYMBOLS  AND  ABBREVIATIONS 


two-dimensional 


UW’  UWAKE 


three-dimensional 


angle  of  attack 


effective  drag  coefficient  of  a  blown  section 
profile  drag  coefficient  of  an  unblown  section 

drag-minus-thrust  coefficient  of  a  blown  foil,  or  profile  drag  coefficient  of  an  unblown  foil  measured  by 
the  wake  rake  technique 

wake  rake  thrust-minuu-drag  coefficient  corrected  for  externally  injected  mass  flow 
flap/chotd  ratio 

nozzle  thrust  coefficient  alone  (i.e.  measured  without  shrouds  or  flaps) 
lift  coefficient 
design  lift  coefficient 
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max 

maximum  lift  coefficient 

Ctl 

drag  counts  (0.0001  units) 

UEFF/  JN 

effective  drag  reduction  due  to  blowing 

*CL 

increment  of  lift  coefficient 

*f 

flap  angle 

DOW 

design  gross  weight 

amd 

increment  of  drag  rise  Mach  number 

'n 

engine  exhaust  deflection 

k  (  *  fA  CDi/CL2) 

induced  drag  coefficient 

k(-wAacD/dcL2) 

induced  drag  coefficient 

M 

Mach  number 

md 

drag  rise  Mach  number 

NLF 

natural  laminar  flow 

NPR 

nozzle  pressure  ratio 

psf 

pounds  per  squire  foot 

<1 

dynamic  heed  (in  psf) 

Re 

Reynolds  number 

RMS 

root  mean  squared 

t/c 

thickness/chord  ratio 

T/W 

thrust/weight  ratio 

* 

thrust  augmentation  ratio  ( 

INTRODUCTION 

The  de  Havillind  Division  of  Boeing  of  Canada  Lid.,  has  been  in  the  forefront  or  short  range,  ultra-short  takeoff  and  landing  (USTOL) 
aircraft  development,  both  military  and  civil,  since  the  late  1940s.  Examples  are  the  DHC  Beaver,  Otter,  Caribou  and  BulTalo  military  aircraft  and 
the  Twin  Otter  and  Dash  7  civil  aircraft  (Figures  1  and  2).  These  aircraft  can  be  categorized  as  having  field  lengths,  to  and  from  a  fifty  foot 
barrier,  of  1000-2000  feet. 

In  the  late  1950s,  it  was  recognized  that  high  cruising  speed  would  be  key  to  the  viability  of  medium  to  long  range  aircraft  and  that  the  large 
aerodynamic  surfaces  typical  of  short  range  STOL  aircraft  would  be  an  impediment  to  efficient,  i.e.  low  installed  thrusl-to-weight,  high  speed 
cruise.  Conversely,  to  achieve  STOL  or  USTOL  performance  with  the  smaller  aerodynamic  surfaces  of  the  then-developing  high  speed  jet 
aircraft,  it  was  realized  that  engine  thrust  would  need  to  be  integrated  efficiently  with  the  aerodynamics  to  contribute  to  the  lift. 

In  the  earty  1960a,  de  Havilland  began  research  in  the  Integration  of  thrust  from  jet  or  turbofan  poweiplantswith  the  aircraft  aerodynamics  to 
augment  the  wing  lift  for  both  USTOL  and  STOVL  (Short  Takeoff  and  Vertical  Landing)  applications.  Among  several  concepts  studied,  the 
integration  of  ejector  technology  has  occupied  a  significant  portion  of  our  ailentioa,  for  the  many  reasons  well  documented  previously 
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(References  I  and  2).  The  icaeaith  haa  tod,  over  tht  paal  twenty  yean,  to  the  development  of  the  Augmtntor-Wing  Reaearch  Aircraft  (Figure  3), 
a  low  speed  USTOL  demonstration  procram,  and  a  full  Kale  model  of  a  propound  elector  lift/vectored  throat  STOVL  combat  aircraft  (Figure  4) 
for  test  in  the  NASA,  Antes  large  scale  facilities  in  California, 

One  area  of  the  reaearch  that  haa  received  little  publication  over  the  yean  is  that  of  the  integration  of  elector  technology  into  e  Rap  ayiiem 
at  the  trailing  edge  of  a  high  aspect  ratio  wing  far  hlah  meed  flixhi.  This  was  tint  reported  in  1977  (Reference  3)  as  the  transonic  multi-foil 
augmentor-wing.  The  multi-foil  ayatem  (Figure  3)  we*  proposed  to  eliminete  the  many  complexities  inherent  in  an  ejector  system  that  is  required 
to  close  up  to  form  a  single,  conventional  transonic  foil  for  cruise  (Figure  6),  as  discussed  in  Reference  3. 

This  paper  has  been  prepared  to  show  the  development  of  these  high  speed  multi-foils  over  the  intervening  years.  The  data  are  more  well 
defined  now,  as  a  result  of  our  later  work,  allowing  the  potential  ayetema,  structures  tnd  aerodynamic  advantages  claimed  in  Reference  3  to  accrue 
to  the  concept.  At  the  same  time,  the  multi-foil  development  hen  been  advanced. 

VERY  THICK,  HIGH  SPEED  MULTI-FOIL  SECTIONS 

At  the  time  of  our  earlier  presentation  on  multi-foil  sections  in  1977  (Reference  3),  a  "thick"  foil  was  considered  to  be  in  the  range  of  18% 
thickncss/choid  ratio,  with  camber  to  give  design  lift  coefficients  of  the  order  of  S-q  -  0.33  to  04.  These  fOU  designs  would  be  suitable  for 
aircraft  wing  loadings  of  the  order  of  70-80  psf  (342-391  kg/m2)  it  the  apeeda  and  altitudes  considered.  Following  the  success  of  the  earlier 
studies,  and  noting  the  powerful  control  of  form  drag  with  the  concept  (Figure  7),  it  became  evident  that  even  thicker  foils  could  be  considered, 
24%  to  30%  Ihickness/choid,  tnd  camber  to  give  design  lift  coefficients  of  •  0.6  and  higher.  Foils  of  this  level  of  design  lift  coefficient 
would  be  appropriate  far  aircraft  wing  loadings  of  100-120  psf  (488-386  kg/m2).  This  jump  in  foil  performance  hat  been  taken  in  two  steps,  first, 
the  increase  in  design  CLD  to  0.6  at  t/c  «  18%,  and  then,  a  "half  way*  jump  In  thicknets/choid  between  18%  and  30%,  to  t/c  -  24%  (Figure  8). 

A  brief  description  of  the  theoretical  approach  will  follow  directly;  a  more  complete  description  can  be  found  in  the  various  references. 

Typical  experimental  data  will  be  presented  on  the  two-dimensional  tunnel  testing  to  highlight  the  multi-foil  characteristics.  Three- 
dimensional,  reflection  plane  balance  data  for  the  18%  thick  foil  with  a  design  lift  coefficient  CLp  -  0.35  will  be  shown,  which  qualifies  the  wake 
rake  technique  used  in  the  two-dimensional  testing  for  high  speed  drag  measurements,  both  blown  and  unblown.  Finally,  three-dimensional, 
reflection  plane  tests  of  a  20  degree  swept  wing  model,  incorporating  the  24%  thick  section  with  a  design  lift  coefficient  of  -  0.6,  will  be 
reviewed. 

It  should  be  noted  that  the  experimental  results  to-date  do  not  reflect  foils  developed  with  our  latest  theoretical  methods.  These  more 
recent  methods  allow  a  better  prediction  of  the  flow  characteristics  within  the  intakes  which  will  yield  improvements  to  both  the  unblown  and 
blown  multi-foil  characteristics.  These  potential  improvements  will  be  discussed. 

Note  that  the  design  of  the  section  shapes  in  the  vicinity  of  the  main  foil  trailing  edge  were  constrained  by  a  requirement  to  be  able  to  deflect 
the  two  shrouds  collectively,  in  the  manner  of  a  Rap,  through  60  degrees  of  deflection.  Blowing  flow  from  a  nozzle  or  nozzles  in  the  trailing  edge 
of  the  main  foil  between  the  shrouds  would  Coanda  around  the  lower  sltroud  upper  surface  to  augment  the  flap  effectiveness. 


THEORETICAL  APPROACH 
Subcritical  Method 

The  approach  to  the  development  of  these  multi-foil  geometries  is  through  the  use  of  a  subcritical  method  using  classical  corrections  for 
compressibility.  The  theory  centres  around  the  use  of  standard  surface  singularity  potential  flow  solutions  such  as  Douglas-Neumann,  extending 
the  method  to  compressible  flow  by  applying  the  Goethe rt  transformation  to  the  foil  geometry.  The  resulting  incompressible  flow  velocities 
around  this  sns'ogous  foil  art  then  used  to  compute  the  compressible  velocities  using  appropriate  compressible  rules  such  as  developed  by  Wilby 
(Reference  4)  and  Ubrajere  (Reference  5).  In  fact,  the  beat  correlation  with  experimental  "crest"  surface  pressures  wis  achieved  with  the  Glauen 
correction  for  thin  airfoils,  rather  than  correct iooa  more  applicable  to  thicker  foila  with  thicker  boundary  layers  such  as  Van  Dyke,  or  Karman- 
Tsien.  This  was  our  first  indication  that  the  multi-foil  section  appeared  to  behave  like  e  thin  foil  i.e.  with  thin  boundary  layers,  due  to  its  control 
of  main  foil  form  drag  (Figure  7).  A  surface  slope  correction  due  to  Kuchemann  A  Weber,  as  used  in  Wilby  and  Ubrajere,  was  also  required  to 
give  good  leading  edge  aurface  pressure  correlation. 

Boundary  layers  were  initially  modelled  by  direct  superposition  of  the  displacement  thickness  on  to  the  airfoil  surface.  This  has  been 
Improved  lately  by  a  transpiration  flow  method  where  the  displacement  surface  it  modelled  by  specifying  a  flow  through  the  airfoil  surface.  This 
transpiration  approach  eliminates  the  potentiel  flow  calculations  for  each  boundary  layer  iteration,  since  it  becomes  a  vector  multiplication  of  the 
influence  coefficient  matrix,  and  thus  only  one  matrix  inversion  is  required  for  each  cast. 

Difficulty  was  experienced,  initially,  in  correlating  the  surface  pressure  distributions  within  the  intake  passages  to  the  shrouds  of  the  multi¬ 
foil,  until  it  was  recognized  that " analogous"  duct  geometries  "in  the  y  axis",  within  the  passages,  would  also  be  required.  It  w»s  found  the!  this 
could  be  closely  approximated  by  a  direct  shift  of  the  two  trailing  foils  towards  the  main  foil  (Reference  7). 

More  recently,  a  method  baa  been  developed  which  combines  compressible  flow  within  a  duct  due  to  Liebiin  and  Stockman  (Reference  8) 
with  its  counterpart  for  external  flow  due  to  Dietrich,  Oehkr  and  Stockman  (Reference  9),  and  a  surface  slope  correction  to  velocity  similar  to 
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Kucbtmaaa  aad  Wtber.  TMi  Mw  approach  provides  even  batter  correlation  of  pnim  around  th*  (oik  (References  10  and  11),  The  method 
ako  mat  th*  tftMpimtioo  approach  to  modal  lha  boundary  layer.  A  typical  correlation  is  press  Med  In  Figure  9  (or  tha  24%  thickneaa/chord  (oil 
WT-CT,  The  attraction  of  thin  moat  ncaot  mathod  la  that  solution*  an  baaad  on  Incompnaaibia  flow  calculations  about  an  u  tun  informed  airfoil 
U  its  bask  solution,  and  tha  mathod  of  auparpoaition  can  ba  uaad  to  obtain  aoiutiona  at.  far  example,  other  angina  of  attack.  Tha  calculations  (or 
multiple  Mach  numbers  can  be  evaluated  also  from  tha  one  basic  case. 


Supercritical  Methods 

The  computational  aerodynamic!  group  al  NASA,  Ames  haw  applied  limited  resources  to  modifying  an  existing  two-dimensional,  full 
potential  finite  difference  method  to  calculate  transonic  (low  about  the  multi-foil  sections  (References  12  and  13).  The  method  still  needs 
improvement  (see  discussion  in  Reference  10),  however,  it  ie  extremely  expensive  lo  run  a  tingle  cate  and  it  not  yet  considered  to  be  t  production 
code. 


EXPERIMENTAL  RESULTS 
General  Comments 

All  of  the  multi-foil  sections  shown  in  Figure  R  were  letted  two-dime naionally  in  the  National  Aeronautical  Establishment  (NAE)  60  inch  x 
15  inch  transonic  facility  at  Uplands,  Ottawa,  Canada.  Lift  and  pitching  moment  were  measured  on  the  tunnel  balance,  and  calculated  from 
pressure  integrations.  Drag  was  determined  by  a  four-probe  (tpenwiac)  wake  rake  method.  The  wake  rake  technique  has  been  very  carefully 
developed  by  the  NAE  staff  to  measure  both  drag  and  thrust  of  wakaa  and  jets  and  includes  corrections  for  blown  configurations  to  account  for 
significant  externally  supplied  blowing  mass  (low,  injeettd  into  tha  tunnel  flour.  This  method  has  been  documented  in  Reference  14.  Because  of 
this  correction,  considerable  care  was  requited  in  the  accurate  measurement  of  the  injected  mass  flow,  and  a  measurement  technique  was 
developed  at  the  de  Havilland  Division  using  a  calibrated  perforated  plate  Inside  the  model.  This  plate  was  also  used  to  smooth  out  any  internal 
flow  disturbances  before  being  injected  into  the  ejector  formed  by  the  trailing  shrouds.  Model  Reynolds  numbers  were  mostly  around  Re  -  20  x 
106  (i.e.  typical  flight  values  for  a  transport  aircraft  around  150,000  pounds,  or  68,000  kg).  Buffeting  conditions  were  detected  in  these  two 
dimensional  testa  aa  a  large  increase  in  the  fluctuating  normal  loads  on  th*  rear  balance  pin  picking  up  the  airfoil.  Pressure  measurements  were 
taken  around  all  three  foil  surfaces. 

Three-dimensional  reflection  plane  testing  has  teen  performed  on  two  wing  planfonns  in  two  different  pressurized  transonic  wind  tunnels. 
An  unswept  wing.  Figure  10,  incorporating  the  184b  thick  f  41  WT-CC  (of  Figure  8)  was  tested  in  the  NASA,  Ames  11  foot  x  11  foot  transonic 
facility  in  California  in  tie  late  TOs.  A  20  degree  swept  wing  (Figure  11)  incorporating  the  24%  thick  foil  WT-CT  of  Figure  8  was  tested  in  the 
mid-’SOs  in  the  NAE  S  foot  x  5  foot  tri-aonk  blowdown  facility  in  Ottawa. 

Effective  Drag  ( CD  EFir ) 

To  obtain  a  readily  appreciated  measure  of  the  influence  of  blowing  on  any  foil  at  forward  speed,  in  particular  with  the  augmentation  of 
thrust  experienced  with  ejector  foils,  it  is  our  general  practice  to  add  the  static  (i.e  sero  q)  blowing  thrust  coefficient  of  the  nozzle  alone,  JN,  i.e 
without  the  shrouds  or  flaps,  to  the  wake  rake  or  balance  Mrag-minus-thrust*  measurements  for  the  configuration  (Figure  12).  This  effectively 
treats  any  thrust  augmentation  (lew  speed)  or  boundary  layer  re-energization  (high  speed)  as  tn  effective  reduction  in  profile  drag.  Effective  drag 
coefficient,  f’Dpj,-p  can  be  compared  directly,  therefore,  with  the  profile  drag  coefficient  of  conventional  unblown  wings  or  foil  sections.  Note 
that  for  •externally  blown’  flaps,  where  jet  thrust  impinging  on  the  flaps  ia  degraded  due  to  scrubbing  friction  along  the  wing  surfaces,  this 
technique  would  reflect  an  Increase  in  effective  drag  due  lo  a  thrust  efficiency  less  than  unity.  This  highlights  one  potential  of  the  augmentonwing 
concept  where  the  augmentation  of  thrust  overwhelms  any  scrubbing  friction  losses. 


Two-Dimensional  Characteristics 

Unblown  Data 

The  variation  of  the  unblown,  profile  drag  (  CDW  )  with  thjcknesa/choid  of  the  turn  multi-foil  sections  designed  for  CLD  -  0.6,  at  t/c  - 
18%  and  24%,  an  shown  in  Figure  13  against  several  other  transonic  foils  of  conventional  design,  tested  in  the  same  wind  tunnel  using  the  same 
measuring  techniques.  Two  empirical  curves  for  conventional  sections  it  *'Lq  »  0  and  0.6,  using  the  method  by  Hoemer  (Reference  15),  are 
shown  also  to  indicate  the  trends  with  thicknesa/cbord.  TVo  facts  are  immediately  evident  from  this  data.  Firstly,  the  18%  thick  multi-foil  section 
has  a  significant  increase  la  profile  drag  relative  to  conventional  section*,  due  to  the  increased  skin  friction  of  the  additional  Internal  surface*  of 
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the  shroud  foils.  However,  equally  evident  Is  tht  control  of  form  drag  with  the  isulti-foU  sections,  which  tndicet*  that,  et  t/cw  15%,  there  stations 
exhibit  ebout  the  ume  profile  drag  (form  pine  friction)  ■*  t  cooventkmtl  ML  la  feet,  the  elope  of  the  curve  for  the  multi-foil  eecttone  te  more 
closely  represented  by  that  of  the  *Tp  ■  0  empirical  cum,  when  the  boundary  la  yen  will  be  much  thinner.  At  thkknem/choide  treater  th’.n 
25%,  It  a  expected  that  the  multi-foil  eactioae  wiQ  have  even  lower  profile  drag  thea  conventional  foils. 

An  Intereatini  act  of  data  for  Ml  NAB  68-060-31.1,  jointly  developed  by  NAE  end  the  da  Havillaad  Division,  la  atao  ahosm  oe  Figure  13. 
This  ML  at  21%  Ihli  tnsss/rhnnl.  txhfttittd  significant  rune  of  natuiel  laminar  flow,  even  at  hifh  Reynolds  number*  (Reference  16),  which 
account!  for  in  low  diet  level  in  relation  to  the  text  of  the  empirical  data  which  baa  boundary  layer  munition  at,  or  very  near,  the  leading  edge. 
The  particular  significance  of  thie  Ml  that  la  highlighted  hate  it  that,  with  ita  relatively  thin  boundary  layeta,  ita  dreg  rite  Mach  number 
approachet  within  AMq  -  QjQl  of  that  of  the  multi-foil  eectioo  characterietice  (Figure  14).  The  drag  rite  charade riehce  for  the  multi-foil 
sections  show  higher  drag  rite  Mach  numbers  than  conventional  foils  at  the  seine  thfclaem/ehoid,  but  only  marginally  so  for  this  NLF  foil.  The 
high  drag  rise  Mach  numbera  achieved  with  the  multi-foil  concept  ere  also  felt  to  be  e  reflection  of  the  control  of  form  dreg. 

An  alternative  way  of  preventing  drag  creep  and  dreg  one  data  la  thown  in  Figure  IS,  when  the  profile  drag  Increment,  above  the  drag  at  low 
Mach  number,  la  plotted.  All  the  foils  exhibit  the  tame  general  dreg  creep  characteristic!,  but  the  multi-foil  aectiont  ere  relatively  better  with 
regard  to  dreg  riee. 

The  control  of  form  dreg  with  angle  of  attack  for  the  unblown  sections  can  alto  be  teen,  typically  (from  Figure  16a),  for  the  34% 
thkkncts/chord  foil,  where  unblown  thete  is  only  4  cn  dreg  variation  between  the  at  minimum  dreg,  say  *  0.6,  and  ■  0.89.  Whereat, 
at  least  10  eti  would  have  been  expected  for  a  conventional  foil  of  the  tame  thicknaaa/chord,  with  the  maximum  thickness  well  eft  end  with 
turbulent  boundary  layer!  tutting  from  near  the  leading  edge.  Similarly  (from  Figure  16b)  for  the  18%  thick  foil,  WT-CD,  we  can  lee  10  eta  of 
dreg  increaee  from  minimum  dreg  over  a  lift  increment  of  A  *  0J4.  In  this  cue,  a  30  cu  increase  would  not  be  unreesoneble  for  e  similar 
thickness  conventional  foil. 


Blown  Characteristics 

The  effect  of  blowing  between  the  ah  roods  on  the  effective  profile  dreg  can  he  Ken  typically  in  Figures  17, 18  and  19  for  three  of 

the  foils  tested.  The  effective  dreg  can  be  teen  to  reduce  significantly  with  ctuiae  blowing  coefficients,  giving  ACdeff/  JN  between  -0.02  to  - 
0.07  ( P  «  1.02  to  1.07  ).  These  figures  show  that,  in  the  mid-Mach  number  range,  the  drag  reduction  due  to  blowing  can  more  than  offset  the 
inc reeled  skin  friction  of  the  multi-foil  geometry. 

For  the  very  thick  wing,  l/c  -  34%,  blowing  can  be  aeen  to  be  t  disadvantage  at  the  higher  Mach  numbera  (Figure  20).  At  low  Mach 
numbers,  thrust  augmenutkm  overwhelms  whatever  characteristic  creates  the  initial  "profile"  dreg  increase  at  low  (in  Figure  20).  This  dreg 
increase  it  now  considered  to  be  due  to  the  extreme  curvature  of  the  main  foil  section  shape  just  ahead  of  the  lower  intake  (Figure  8).  The 
curvature  here  became  progressively  more  severe  as  foil  thickness  wit  increased,  due  to  the  inadequate  theoretical  representation  within  the 
intakes  at  that  time.  This  denied  a  flexibility  to  fully  control  the  intake  end  overall  diffuKr  arts  ratios  between  the  intakes  and  exit  of  the  ejector. 
The  lower  intake  shape  has  been  modified  now,  using  the  late*!  theoretical  approach,  (lie  Figure  37  and  discussion:  "Potential  Developments" 
following),  and  it  It  expected  that  the  new  foil  will  show  no  dreg  increaat  with  blowing  at  kw  CJN . 

Figures  21  and  22  provide  an  alternative  approach  to  showing  the  influence  of  blowing  el  constant  NPR  for  two  cases.  Figure  21  for  the 
thinner  foil,  WT-CC,  showing  dreg  reduction  over  the  whole  speed  range,  and  Figure  22,  for  the  24%  thick  foil,  showing  the  degradation  described 
previously  at  higher  Mach  numbers. 

Generally,  blowing  favourably  influence*  the  foil  characteristics  by  delaying  any  incipient  separations  at  high  or  low  angles  of  attack.  That  is, 
in  effect,  tinea  rising  the  -  ^T>gpji  curves  even  more  (see  Figure  23  for  in  18%  thick  foil).  An  even  more  dramatic  dean  up  can  be  Ken  for 
the  34%  thick  foil  (Figure  34),  which,  because  of  the  sharp  curvature  Into  the  lower  Intake  (previously  described),  experienced  a  severe  boundary 
layer  separation  at  lift  coefficients  below  w  0.4.  Even  a  relatively  small  amount  of  blowing,  well  below  cruise  values,  cleaned  up  this 
separation  This  severe  lower  intake  reparation  for  the  thicker  foil  will  be  eliminated  with  the  revised  foil  shape  (Figure  37). 

Since  the  shrouds  lie  in  a  sensibly  invariant  flow  field,  directly  behind  the  main  foil,  and  are  thus  insensitive  to  angle  of  attack  changes,  any 
foil  buffeting  at  high  speed  is  due  to  flow  separations  on  the  main  foil.  These  main  foil  separations,  in  turn,  are  reduced  or  eliminated  by  the 
presence  of  the  shroud  foils  delaying  foil  buffeting.  With  ita  effect  on  boundary  layer  reparation,  it  would  be  anticipated  that  blowing  would  delay 
foil  buffeting  even  mote.  Figure  25  (from  Reference  17)  shows  tome  typical  buffet  measurements  Observed  from  the  RMS  of  the  normal  load 
data  taken  from  the  rear  support  pin  of  the  2-D  balance.  This  provides  ■  convenient  measure  for  the  strength  of  reparation.  Generally,  buffel 
onset  coincided  with  the  main  break  in  the  lift  curve,  which  is  well  beyond  the  design  lift  coefficient  for  the  section.  At  the  higher  Mach  numbers, 
buffeting  was  due  to  shock  induced  separation  on  the  main  foil  upper  surface.  The  data  of  Figure  2$  show  that,  relative  to  the  level  achieved  with 
the  unblown  foil,  the  buffet  levels  with  blowing  ere  reduced.  It  ie  also  felt  that  the  unblown  multi-foil  will  have  a  buffet  level  below  that  of  the 
single  conventional  airfoil  became  of  the  containment  of  the  main  foil  boundary  layer*  by  the  shroud  foils  when  repented.  But  this  has  yet  to  be 
quantified. 

Figure  26  shows  the  appreubmate  maximum  or  buffet  onael  lift  coefficients  for  the  24%  thick  airfoil  at  xero  flan  ennle.  both  unblown  and 
Mown.  The  power  of  Mowing  at  the  lower  Mach  numbera  due  to  boundary  layer  control,  end  also  to  jet  flap  supercirculation,  can  be  seen.  In 
most  cares  T,^  (NPR  -  3.0)  sat  never  reached  during  an  a  sweep,  and  the  CLm>J  curve  presented  in  Figure  26  it  felt  to  be  conservative. 
Figure  27  shows  at  NPR  -  1.0,  the  unblown  multi-foil  lection  contains  the  separated  flow  on  the  upper  surface  within  the  intakes;  see  lift  break  at 
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•bout  *  1.2.  The  am  (Ifni*  shows  tin  thst  only  ■  mull  amount  of  Mowing  CJN  -  0.11  at  M  >  0.1J  (equivalent  toT/W*  0.02  DOW,  or 
approximately  6%  of  ths  Installed  thru*  hr  entire),  prmtidre  significant  control  of  ths  upper  surface  bogoduyliyer. 

Thu  influence  of  a  modems  flap  angle,  t  f  ■  10  dogma  at  low  speed,  la  pmaatad  la  Figures  28  through  30.  Figure  28  thorn  the  effect  on 
lift  curve  slop*.  Figure  29  displays  the  powerful  taflueace  of  tha  factor  xugaMituUon  at  low  apaad  (Of  thlt  configuration,  even  though  the  ejector 
dKTaaer  area  ratio  waa  not  npHmlaarl  toe  low  apaad  (Ught.  Aa  svanga  thruat  augmentation  of  d  -  1.2  (  A  /  CJN  -  -0.2  )  can  be  teen 

for  ihtt  configuration.  With  CDEpj,  •  4.13,  not  only  would  the  Mai  profile  drag  of  aa  aircraft  ha  effectively  eliminated  by  thlt  effective 
reduction  in  drag,  but  a  tigaifkaal  proportion  of  any  induced  or  vortex  drag  would  alto  be  effectively  offaet.  Thtt  highlight!,  very  (imply,  the 
thruet  efficiency  of  the  augmeatorwing  high  lift  ayetea  relative  to  externally  blown  concept!,  which  require  nearly  twice  the  I  Detailed  thruat  of  the 
ejector  coacept  for  the  tame  airfield  performance.  In  fact,  with  an  optlmiied  augmentor  flap,  the  augmentor-wlng  aircraft  can  achieve  la  abort 
field  performance  with  only  tht  thruat  Inatallad  ter  miiaa  and  with  one  angina  out. 

Figure  30  pioaenta  the  data  at  Cj_  -  ^Dgpp ,  allowing  how  a  mall  amount  of  bloarlag  maintain  attached  flow  initially,  and  then  heavier 
blowing  augment!  the  thruat  dut  to  the  ejector  action  and  the  lift  due  to  jet  (tap  superri  notation 


Three-Dimensional  (Reflection  Plane)  Characteristics 

At  mentioned  previously,  two  reflection  plane  I  eta  have  been  performed  during  the  courae  of  the  multi-foil  wing  development  to-date.  The 
fini  wei  with  an  unswept  wing  model  (Figure  10),  iiwnrporatiag  a  full  (pan,  18%  ihirkn aar/chord  foil  aerlion,  WT-CC,  at  a  dealgn  lilt  coefficient 
-  0.33.  Thin  tut  wu  carried  out  In  the  11  foot  x  11  foot  tranaonic  preuuriied  wind  tunnel  at  NASA,  Amu  in  California.  This  tul  had  two 
principal  goals.  Firel,  it  was  to  confirm  that  the  method  of  wake  rake  profile  dug  mewurement  for  the  2-D  sections  wu  vilid.  In  particular,  for 
the  blown  configurations,  where  a  significant  correction  must  be  applied  to  the  measured  rake  data  to  account  for  the  mass  momentum  introduced 
into  the  tunnel  by  the  blowing  flow.  Secondly,  It  wu  to  confirm  the  control  of  form  drag  with  angle  of  attack  in  the  3-D  environment.  The  second 
study  wu  on  a  20  degree  swept  and  twisted  wing  with  a  full  span  24%  thick  WT-CT  foil  at  a  design  lift  coefficient  C(  -  0.6  (Figure  11).  This  test 
wu  performed  at  the  NAB  tri-eonic  pressurized  3  foot  x  S  foot  blowdown  wind  tunnel  in  Ottawa.  This  swept  wing  tut  had  the  same  goals  u  the 
first  tut  for  a  thicker,  higher  lift  foil,  but  with  the  additional  goal  of  determining  the  effects  of  sweep  on  the  multi-foil  characteristics 

Figure  31  documents  the  results  from  the  straight  wing  test  in  comparison  with  its  2-D  section  characteristics.  When  suitable  corrections 
have  been  made  to  bring  the  two  team  into  line,  a  remarkably  good  correlation  is  observed.  Some  of  the  discrepancy  in  the  unblown  data  arose 
due  to  a  small  separation  observed  in  the  lower  intake,  particularly  towards  the  wing  tip.  Mcuurcment  of  the  foil  locations  after  the  tut  showed  a 
geometrical  discrepancy  in  the  lower  shroud  outboard.  This  separation  wu  eliminated  with  blowing,  and  the  figure  shows  that  the  correlation 
between  2-D  and  3-D,  with  blowing,  wu  good. 

Figure  32,  again  for  the  straight  wing  test,  demoastratu  very  dearly  the  remarkable  control  of  form  drag  exhibited  by  the  multi-foil  section, 
both  unblown  and  blown.  In  this  figure,  the  nozzle  throat,  CJN  ,  and  the  vortex  dreg  (C^*  /  a-  A),  for  the  unblown  configuration,  CJN  -  0,  or 
Cj  2  /  (wA  +2  )  for  the  blown  configuration,  hu  been  removed  from  the  measured  data  from  the  balance  to  leave  the  foil  profile  drag  or 

effective  profile  drag,  respectively.  The  virtually  invariant  profile  dregs  over  a  lift  coefficient  range  from  -  4.3  to  +0.7  in  the  mid-Mach 
number  range  M  -  0.6  to  0.7,  are  evidence  of  the  remarkable  control  of  form  drag  with  the  section.  At  the  lower  Mich  numbers,  the  reduction  in 
drag  at  higher  positive  and  negative  lift  coefficients,  i.e.  indicating  apparent  induced  dreg  factors,  k  (  «•  sA  CD|  /  CL  )  less  than  unity,  are  due 
to  the  need  tor  tunnel  corrections.  At  lower  Mach  numbers,  the  low  porosity  (6%)  of  the  tunnel  wills  is  such  that  the  tunnel  behaves  more  closely 
like  a  dosed  section,  and  thus  corrections  would  add  to  the  drag  at  high  positive  and  negative  lift,  straightening  the  curves.  At  the  higher  Mach 
numbers,  no  tunnel  corrections  are  required.  Compariaon  between  the  blown  and  unblown  characteristics  in  Figure  32  also  show  the  reduction  in 
effective  profile  drag  due  to  blowing. 

Results  front  the  swept  wing  studies  of  the  second  reflection  plane  test  for  the  unblown  section  were  clouded  when  it  was  found  that  the 
section  was  separated  in  ill  upper  intake.  It  became  evident  from  the  test  data  that,  for  the  flow  into  the  intakes,  the  locations  of  the  shrouds  and 
the  intake  diffuser  area  ratios  should  be  determined  more  from  a  it  ream  wise  section  than,  say,  a  section  normal  to  the  quarter-chord.  Increasing 
the  ejector  diffuser  area  ratio  of  the  configuration  improved  the  unblown  characteristics  slightly,  but  the  main  foil  upper  surface  was  still 
separated.  The  model  had  insufficient  adjustment  capability  In  the  flap  bracket  mounting  system  to  move  the  Toils  sufficiently  close  to  the  main 
foil.  Aa  Figure  33  thorn,  however,  separations  were  cleaned  up  with  blowing  on  the  foil,  and  a  fairly  reasonable  correlation  was  achieved  with  the 
blown  2-D  data  for  Mach  numbers  up  to  M  -  0.6.  Above  M  -  0.6,  the  drag  creep  for  the  3-D  section  appears  to  be  somewhat  ‘smeared*  relative 
to  the  2-D  data,  due  to  3-D  effects,  no  doubt,  but  the  eventual  drag  rise,  M^s  0.73,  appears  to  correlate  well  with  the  2-D  data  when  corrected 
for  sweep,  Figure  3*  shows  much  the  same  degree  of  correlation  between  the  2-D  and  3-D  lift  data,  with  a  good  correlation  for  Mach  numbers 
leas  than  M  ■  0.62,  and  than  a  gradual  approach  of  the  3-D  lift  data  towardi  the  sweep-corrected  2-D  data  at  M  w  0.73  and  above.  A  3-D  design 
point  of  -  0.6  at  M  -  0.7  haa  been  achieved  with  Uio  20  degree  swept  wing 

Figure  S3  thaws,  typically,  that  the  curvet,  with  Hearing  on,  vein  very  linear  over  a  wide  range  of  lift  coefficients.  Figure  36 

presents  the  results  over  the  Mach  number  range  tested,  and  shows  an  induced  drag  factor  of  unity  between  M  •  0.3  and  0.7.  Again,  these  factors 
highlight  the  control  of  profits  drag  with  the  multi-foil  section.  It  should  be  noted  that  tunnel  corrections  were  applied  to  this  swept  wing  data 
using  the  method  of  Moby  (Reference  19).  This  method  matches  tunnel  will  pressures  measured  along  rails  on  the  tunnel  walls.  These 
corrections  reduced  the  measured  drag  of  the  model,  more  appropriate  to  an  open  tunnel,  due  to  the  20%  porosity  of  the  tunnel  walls. 
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POTENTIAL  DEVELOPMENTS 

The  theoretical  approach  ha*  been  improved,  at  mentioned  previously,  whereby  we  tM  more  confidence  in  predicting  the  characteristic*  of 
ffi*  flow  within  tht  Intake*  to  (ha  shrouds,  and  lira*  have  better  control  In  predicting  the  foil  geometry.  We  have  modified  the  baalc  347b  thha, 
Lp  •  0.6  foil  coordinate*  therefore,  in  the  vicinity  of  the  lower  intake  (Figure  37),  with  a  view  to  delaying  the  reparation  ot  the  boundary  layer 
into  the  lower  intake,  unblown,  to  much  lower  lift  coefficient*.  W*  atao  expect  a  3  to  10  count  reduct,  m  in  unblown  profile  drag  at  higher  lift 
coefficient*  with  t hi*  change.  The  change  in  the  towe;  intake  thape  will  alto  allow  the  collective  diffuaer  are*  ratio*  of  the  upper  intake,  the  lower 
intake  and  the  overall  ejector  of  the  thicker  foil  to  be  ret  more  optimally.  We  expect  to  achieve  a  dreg  reduction  with  blowing  at  high  Mach 
number*,  a*  experienced  with  the  other  multi-foil  auction*.  It  should  bu  noted  that  the  foil  itill  retain*  the  capability  for  a  ilmple  hinge  point  for 
the  flap  system,  to  allow  flap  deflection*  up  to  4  j  »  60  degree*,  and  achieve  Coanda  attached  flow  around  the  lower  ahroud  upper  surface  when 
blown. 

The  theoretical  method  was  alao  used  to  develop  a  family  of  fotla  of  varying  flap/choid  ratio,  Cf/c  -  35%,  30%  and  25%  for 
thickness/chotdi  of  18%,  24%  and  30%  (aee  Figure  38  for  a  typical  ackction),  Using  incremental  drags  from  this  uudy,  the  influence  of  lower 
skin  friction  drag  due  to  shorter  flap/chord  ratio  can  be  seen  in  Figure  39.  The  crotsover  point  with  conventionel  foils  it  teen  to  reduce  from 
approximately  24.5%  thickness  at  Cg/c  -  35%  to  225%  thickness  with  a  flap/chord  ratio  of  Cg/c  »  0.25. 

APPLICATIONS  FOR  THE  VERY  THICK  MULTI-FOIL  WING 

There  ere  several  potential  aircraft  applications  where  t  very  thick,  high  aspect  ratio,  high  speed  multi-foil  wing,  could  prove  of  significant 
value.  Most  of  these  application*  would  be  with  the  winp  blown  to  take  advantage  of  the  very  high  lift  and  low  effective  drag  capability  of  the 
multi-foil  configuration  at  low  (peed,  but  unblown  application!  are  considered  possible  alao. 

As  noted  previously,  the  initial  impetus  for  the  development  of  the  thick  multi-toil  wing  section  was  the  desire  to  simplify  the  ducting  system 
in  a  blown  wing  for  a  high  speed  Advinced  L'STOL  Tactical  Transport  Aircraft.  As  s  next  step  to  the  low  speed  Augmentor-Wing  Research 
Aircraft  UoTOL  demonstration  program  described  earlier,  a  high  speed  USTOL  demonstrator  aircraft  has  been  marketed  by  Boeing  Canada,  de 
llsvilland  Division  and  the  Canadian  Government  for  several  years  as  a  potential  operational  demonstrator  program.  This  proposal  is  based 
upon  the  use  of  a  basic  C-130  Hercules  fuselage  and  empennage  with  a  completely  new  wing  incorporating  the  24%  thick,  high  speed  multi-foil 
wing  (Figure  40).  The  aircraft  would  be  powered  by  two  proposed  Pratt  and  Whitney  blowing  engine*  (Figure  41),  based  upon  the  PW2037  engine 
used  in  the  Boeing  757  end  McDonncll-Douglas  C-17  aircraft.  According  to  Pratt  and  Whitney,  this  blowing  derivative  engine  would  have  80% 
commonalty  with  the  basic  PW2037.  A  description  of  this  aircraft,  powerptant,  and  itc  performance  capabilities  can  be  found  in  Reference  1. 
Suffice  it  to  sty  that  this  tire. aft  would  achieve  its  USTOL  performance  into  field  lengths  less  then  1500  feet,  to  or  from  a  50  foot  barrier,  with 
only  the  thrust  required  for  cruise,  i.e,  T/W  m  0.3.  The  blowing  system  requires  only  40%  of  the  installed  thrust  end  can  be  contained  in  a  single 
crossover  duct  system  aft  of  the  rear  spar  in  this  very  thick  wing.  Duct  flow  croes-uver  at  the  fuselage  permits  the  economy  of  s  twin  engine 
layout  to  be  exploited. 

A  proposal  to  extend  the  multi-foil  concept  to  STOVL  capability  was  offered  to  the  U.S.  Navy  tor  t  medium  speed  carrietbome  transport 
aircraft  (Figure  42).  Vertical  lending  capability  would  be  achieved  with  partial  tilt  of  the  wings  by  30  degrees,  end  partial  thrust  deflection  from 
the  primary  thrust  nozzles  of  4  ^  -  60  degrees.  The  powerplant  proposed  for  this  concept  was  a  Rolls-Royce  Pegasus  engine,  with  the  fan  thrust, 
blowing  the  wing*,  approximately  50%  of  the  total  thrust. 

The  ability  to  design  the  multi-foil  to  vety  thick  sections  end  very  high  desipn  lift  coefficients,  say  -  1.0,  would  be  ideal  for  high  altitude 
long  endurance  reconnaissance  aircraft,  such  as  shown  in  Figure  43. 

The  very  thick  multi-foil  section  would  also  give  sufficient  wins  depth  to  permit  spin-loader  concepts  starting  at  design  gross  weights  as  low 
as  300,000  pounds  (136,000  kg)  (Figure  44). 


CONCLUSIONS 

With  the  powerful  control  of  form  drug  exhibited  by  the  multi-foil  section  described  in  this  note,  *  potential  has  been  shown  for  very  thick, 
high  speed  multi-foil  section*  to  have  unblown  profile  drags  the  same  as,  or  lei*  than,  that  of  conventional  foils,  at  the  same  design  lift  coefficient, 
for  thicknccs/chords  greater  than  22  to  25%. 

The  control  of  form  drag  with  the  multi-foil  section  also  embraces  a  ,  or  lift-dependent  variations,  and  these  have  been  shown  to  reduce  to 
that  of  the  vortex  drag  contribution  alone.  Thetis,  k  (  -  <rA  SCq  / 8C^  )*  \.0,  possibly  25%  less  than  with  conventional  foils.  The  control 
of  form  drag  has  been  shown  also  to  yield  higher  drag  rise  Mach  numbers  for  the  multi-foil  section  lh*n  fo-  convention*)  supercritical  foils  of  the 
same  thkknees/chord. 

Combination  of  blowing  with  the  multi-foil  section  has  been  shown  to  considerably  reduce  the  effective  profi'e  drag  of  the  section  at  low 
speed  due  to  thrust  augmentation  in  the  ejector  passage  between  the  trailing  foils.  In  feet,  at  very  low  speed,  M  <  0.15,  typical  of  takeoff  and 
landing  speeds,  the  thrust  augmentation  is  sufficiently  high  to  effectively  offset  all  of  the  profile  drag  and  a  significant  proportion  of  the  induced 
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drug  of  any  aircraft  configuration.  In  the  middle  Mach  number  range,  M  -  OJ  to  OJ,  the  reduction  in  effective  drag  of  the  multi-foil  lection 
due  to  blowing  ia  mom  than  sufficient  to  offiet  any  akin  friction  penalty  the  three-foil  configuration  incurs.  At  higher  speed  also,  thrust 
augmentation  (or  possibly  boundary  layer  re-energization)  has  also  been  demonstrated,  to  the  amount  of  4  *  1.05  to  1,02,  which  will  reduce  the 
effective  profile  drag  of  the  multi-foil  section.  Attention  to  the  high  speed  multi-foil  geometry  should  allow  this  blowing  thrust  'augmentation*  at 
high  speed  to  be  op*imized  for  all  foil  sections. 

Several  potential  applications  have  been  suggested  where  the  very  thick,  high  speed  multi-foil  sections  may  have  a  distinct  advantage  over 
mom  conventional  foils. 

Future  experimental  work  should  possibly  focus  around  the  improvements  to  the  2 4%  thick  foil  and  its  application  to  the  swept  wing 
reflection  plane  model.  On  the  theoretical  side,  a  code  begun  many  years  ago  to  simulate  the  blown  ejector  characteristics  should  be  completed, 
now  that  the  intake  flows  are  better  calculated. 
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Thla  paper  addraaaaa  long  range  military  tranaport  technologies  with  emphasis  on  defining  the  potential 
benefits  of  the  hybrid  laminar  flow  control  (HLFC)  concept  currently  being  flight  tested  in  a  coat  shared 
NASA.  USAF,  and  Boeing  program.  Results  of  a  1990's  global  range  tranaport  study  are  presented  showing 
the  expected  payoff  from  application  of  advanced  technologies.  Tha  paper  concludes  with  a  technology 


forecast  for  military  transports. 
INTRODUCTION  fiAAj  f  Ci  J  f 
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The  design  of  v«ry  long  rang#  aircraft  and  tha  important  interrelationships  of  tha  primary  dasign  variables 
art  illustrated  in  Fig.  1  which  is  based  on  the  Brequet  Range  Equation.  For  a  given  specific  fuel 
consumption  and  weight  fraction,  the  lift  to  drag  ratio  (L/D)  la  tha  paramiter  to  ba  optimised  by  the 
designer.  This  is  accomplished  by  minimizing  the  fuselage  drag,  increasing  wing  aspect  ratio  to  minimize 
Induced  drag,  and  by  aalectlon  of  high  L/D  airfoils. 


Drag  reduction  by  development  of  natural  laminar  flow  (HLF)  on  aircraft  wings  has  been  a  goal  for  over 
50  years.  Fig.  2  summarizes  some  of  the  test  results  beginning  with  the  B-18  bomber  flown  in  1939, 
Reference  1.  Modern  transport  wing  half  chord  Raynolda  numbers  are  shown  at  tha  applicabla  wing  sweeps. 
It  is  clear  that  NLF  alone  will  produce  limited  laminar  flow  banefita  on  these  aircraft;  therefore,  some 
form  of  active  laminar  flow  control  Is  required  to  achieve  significant  drag  reductions  on  large  aircraft. 


THE  HLFC  CONCEPT 

The  hybrid  Laminar  flow  control  (HLFC)  concept  shown  in  Fig.  3  has  active  suction  applied  forward  of  the 
front  apar  of  tha  wing.  Natural  laminar  flow  is  maintained  aft  of  the  suction  zone  by  appropriate  airfoil 
selection  end  surface  finish.  Supercritical  airfoils  currently  applied  to  aircraft  like  the  Boeing  757 
have  compatible  pressure  distributions  similar  to  that  shown  in  Fig.  4.  The  other  major  factor  which 
supports  early  application  of  the  HLFC  concept  is  the  high  quality  manufacturing  standards  of  todays 
aircraft  industry.  Current  commercial  aircraft  are  delivered  with  wing  surface  tolerances  between  the 
forward  and  aft  spars  which  satisfy  the  criteria  for  a  HLFC  wing. 

The  HLFC  concept  shown  in  Fig.  3  provides  for  chemically  anti-icing  the  wing  and  the  same  fluid  would  be 
applied  to  the  wing  through  slots  to  prevent  or  remove  insect  contamination  during  takeoff  and  low 
altitude  flight.  (Insect  contamination  can  cause  boundary  layer  transition  from  laminar  to  turbulent  flow.) 
Another  concept  for  protecting  the  wing  utilizes  e  Krueger  high  lift  device  which  would  shield  the  suction 
region  from  insect  strikes  and  foreign  object  damage.  In  this  concept,  no  lower  surface  laminar  flow 
would  be  possible;  however,  improved  wing  high  lift  characteristics  would  be  achieved. 


GLOBAL  RANGE  TRANSPORT  STUDY 

The  Global  Range  Transport  Study  reported  in  Reference  2  was  sponsored  by  NASA-Langley  Research  Center  and 
the  Wright  Research  and  Development  Center  (Formerly  the  Air  Force  Wright  Aeronautical  Laboratories). 
Lockheed  Aeronautical  Systems  Co.  performed  this  study  which  applied  the  HLFC  concept  to  a  military 
transport  designed  to  carry  a  132,500  lb  (60»100  Kg)  payload.  The  mission  called  for  delivery  of  the 
peylosd  6500  run  and  return  empty  and  unrefueled.  For  this  long  range  mission,  fuel  reserves  include 
5  percent  of  cruise  fuel  plus  one  half  hour.  A  cruise  Mach  of  .77  was  specified  and  initial  cruise 
altitude  was  fallout . 

All  of  the  airplanes  were  designed  with  technologies  that  will  be  available  in  1994  and  incorporated  the 
following  advanced  flight  control  features: 

Four  channel  digital  fly-by-wire 
Relaxed  static  stability 

*  Stability  augmentation 
Maneuver  load  control 
Gust  load  alleviation 

*  Flutter  mode  control 


The  major  improvements  offered  by  the  above  features  are:  minimization  of  airframe  weight,  incorporation 
of  automatic  trouble-shooting,  and  Improved  ride  characteristics. 


Advanced  materials  art  utilized  in  all  designs  and  Fig.  5  depicts  the  representative  use  of  graphite/peek 
in  each  major  assembly  and  the  associated  percentage  weight  reduction.  Through  the  nose  cargo  loading 
la  provided  on  all  aircraft  to  minimize  the  fuselage  drag  and  weight. 


The  Turbulent  flow  airplanes  were  designed  with  5  percent  excess  cruise 
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thrust.  Takeoff  is  from  a 
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17-2 


10,000  ft  (3,040  a)  runny  at  >u  level  mhImI  lay  condition*  and  th*  midpoint  landing  la  on  an  8,000  ft 
(2,048  a)  or  laaa  runway  at  tha  aaaa  condition*,  Th*  HLFC  aircraft  war*  daalgnad  with  12  pareant  excess 
emit*  thruat  and  war*  assumed  to  haw*  turbulent  flow  daring  6  pareant  of  the  eruiaa  flight  tlaa  to  aaaura 
aiaalon  completion  ahould  weather  condition*  preclude  tha  aaa  of  tha  auction  ayataa  during  ahort  period*  of 
th*  aiaalon. 

Savaral  turbulent  flow  aircraft  war*  daalgnad  with  warloua  wing  awaap*  and  th*  30  degree  mop  aircraft 
ahowa  in  Fig.  8  waa  aalactad  aa  tha  boat  baaallna  aircraft  tor  coaparieon  with  th*  HLFC  aircraft,  th*  HLFC 
aircraft  war*  United  to  wlag  awaap  of  20*  bacaua*  laaa  loading  adg*  croas  flow  affaoto  would  ba  encount¬ 
ered.  If  higher  wing  awnap*  prow*  faaalhl*  for  th*  ILFC  alrctaft.  algnlflcantly  reduced  groaa  weight 
aircraft  would  result. 

Both  low  wing  and  high  wing  HLFC  aircraft  wart  daalgnad.  Fig.  7  shows  detail*  of  a  low  wing  configuration 
and  Fig.  8  ahowa  a  high  wing  design.  Th*  high  wing  configuration  proved  to  bo  significantly  lighter  than 
th*  low  wing  design. 

Comparison  of  th*  HLFC  aircraft  with  tha  basalin*  turbulent  flow  aircraft  produced  tha  following  percentage 
changes  relative  to  tha  baaallna t 


Low  Hina  HLFC 

Hieh  Hint  HLFC 

Gross  Height 

-  4.0* 

-  7.42 

Fuel  Height 

-13.42 

-17.02 

L/D 

+18.42 

+19.22 

Required  Thrust 

-10.62 

-13.02 

Fig.  9  summarises  aevan  aircraft  daalgnad  to  thaa*  specifications,  all  coopered  to  tha  baaallna  turbulent 
flow  aircraft.  Tha  first  four  aircraft  are  low  wing  configuration*.  Increasing  initial  eruiaa  altitude 
nay  b*  attractlva;  however,  tha  engine  by-paaa  ratio  uaad  in  thia  study  would  have  to  be  reoptlnlsed. 

The  beet  overall  HLFC  aircraft  identified  in  this  study  la  tho  high  wing  aircraft  with  both  upper  and  Lower 
eurface  HLFC.  Eliainatlon  of  th*  lower  surface  HLFC  appear*  attractive  because  incorporation  of  a  combin¬ 
ation  high  Lift/lneect  shield  would  be  feasible.  This  configuration  ia  currently  being  flight  taatad  in 
the  HLFC  Flight  Experiment  on  a  Boeing  737  aircraft.  Uaa  of  hot  air  da-lcing  in  this  program  eliminates 
tha  need  for  the  llguld  cleanlng/da-iclng  ayatan  which  weight a  approximately  7000  lbs  on  tha  aircraft  in  the 
Global  Range  Transport  Study. 

In  order  to  evaluate  the  lopact  of  Increased  payload  on  thaa*  global  rang*  aircraft,  a  turbulent  flow 
transport  was  configured  for  the  asm*  nlseion  with  a  payload  of  212,000  lb  (96. 162kg).  Fig.  10  present* 
this  aircraft  which  has  a  60X  increase  in  payload  and  a  482  increase  in  TOCH  compared  with  the  baseline 
turbulent  flow  aircraft  in  Fig.  6.  Similar  increases  would  b*  axpactad  for  thw  HLFC  aircraft. 

ADVANCED  TECHNOLOGY  FORECAST 

Future  military  transport  aircraft  will  benefit  from  a  wide  rang*  of  advanced  technology  now  in  actlv* 
development.  On-going  advancsd  technology  development  programs  show  the  potential  for  providing  signif¬ 
icant  increases  in  L/D,  decrease*  in  specific  fuel  consumption  (SFC)  and  decreases  in  airframe  structural 
weight.  A  list  of  some  of  the  major  technology  developments  underway  in  several  technical  disciplines  is 
provided  in  Fig.  11.  Thaa*  research  and  development  programs  ar*  sponsored  by  government  agencies  such  me 
NASA  and  th*  U.S.  Air  Force  a*  wall  aa  by  private  funding  by  th*  aircraft  manufacturers  and  related  indust¬ 
ries.  Son*  of  th*  advanced  technologies  will  be  sddresaad  as  they  are  Incorporated  into  the  design  con¬ 
cepts  of  the  aircraft  of  lnteraat  In  this  paper.  The  deelgn  challenges  and  bentflta  from  th*  application 
of  advanced  technologies  such  aa  laminar  flow  control,  composite  structures,  and  propfan  propulsion  are 
discussed  in  Reference  3. 

Rapid  development,  in  computational  fluid  dynasties  (CFD)  capability,  coupled  with  advanced  unobtrusive 
instrumentation,  will  provide  vaatly  fsv>rov*d  understanding  of  fundamental  flow  phanonana.  Progress  in 
CFD  will  provide  for  modeling  of  increasingly  complex  flows,  including  development  of  improved  turbulanc* 
modal*  and  full  Havlar-Stokas  simulation. 

Th#  Ray  technologies  include  th*  ua*  of  advanced  composite  materials  in  both  primary  and  secondary  struct¬ 
ures  in  order  to  achieve  a  weight  saving  of  about  20  pareant  as  predicted  in  previous  Lockheed  design 
system  studies.  Reference  4.  Very  high  propuleiv*  and  aerodynamic  effielencie*  at  N  -  0.80  cruise  condit¬ 
ions  can  be  obtained  by  ua*  of  advanced  propulsion  and  natural  and  hybrid  laminar  flow  control.  Design 
studies  show  that  laminar  flow  control  aircraft  tend  toward  higher  aspect  ratio  wings  require  active 
controls  for  gust  e«4  maneuver  load  alleviation  and  fluttar  suppression.  Lockheed  preliminary  design 
studies  of  transports  utilising  the  sdvenced  technologies  just  described  will  provide  e  cumulative  Improve¬ 
ment  in  efficiency  of  65  percent. 

Advancsd  electronics  will  continue  to  enhance  the  cowmunlcetlon  capabilities  of  USAP  aircraft.  In  tha 
future,  communication  systems  will  have  security  that  rivals  an  optical  link.  Advances  in  computers, 
softwara,  and  artificial  Intelligence  processes  ara  expanding  at  a  tremendous  rate.  An  example  le  the 
Pilot* a  Associate  program  with  advancsd  flight  stations  and  smart  cockpit  inatrumantation.  A  typical 
example  of  tha  application  of  advances  in  sensors  and  guidance  la  in  an  autonomous  landing  system  for 
night  or  in  adverse  weather  conditions.  An  area  of  special  technologies  ia  concerned  with  aircraft  surviv¬ 
ability  and  vulnerability.  It  la  expected  that  significant  advancements  will  ha  mads  in  reduced  radar 
cross  sections  for  Aircraft  and  In  control  systems  that  rapidly  adapt  to  components  that  ara  damaged  or  fail 

Two  additional  design  concept  a  which  ara  of  lnteraat  for  application  to  future  large  long  range  transports 
ara  multi-body  configurations  and  strut  brscsd  wings.  Tbs  letter  Is  of  special  lnteraat  for  aircraft  with 
high  aspect  ratios. 
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CONCLUDING  REMARKS  |f 

Future  military  transports  will  benefit  greatly  from  application  of  advanced  material*,  propulaion,  flight  A 

control  and  aerodynamic  taehnologiaa.  The  Hybrid  Laminar  Flow  Control  concept  currently  being  flight  if 

teated  le  expected  to  find  early  application  due  to  lta  favorable  lapact  on  operating  coate >  eapeclally  '' 

on  long  range  alaelona.  Advanced  conpoeltea  era  expected  to  finally  achieve  the  long  predicted  beneflta 
in  traneport  applicatlona. 
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*■  In  the  lata  1970'a  and  aatly  1980 'a,  Military  Airlift  Comma*  (MAC)  participation  in 
Rad  Flag,  Mapia  Flag,  and  other  exercises  provided  atrong  evidence  that  airlift  aircraft 
naadad  a  rear  vlaion  capability  for  early  warning  and  dafanaa  againat  air-to-air  attache.. 

Thia  nay  not  be  new  information  to^  many  tactlclana.  but. troah  think iaa-on  tbia  old  idea- 
marked  a  turning'  point  for  MAC . 

~  >  The  USAF  Airlift  Canter  (ALCSNT)  developed  and  teatad  three  devicaa  for  providing 
rearward  vlaion.  The  first  devicn  waa  a  atandard  HC-130  obaarvation  door  aa  uaad  in 
aaarch  and  raacua  oparationa.  The  aacond  device  waa  a  110  degree  f leld-of-view  (FOV) 
bubble  mounted  on  the  cockpit  overhead  eacape  hatch.  The  third  device  waa  almilar  to  the 
aacond,  but  it  provided  a  360-degree  FOV. 

The  teat  waa  titled  MAC  Project  15-48-81.  The  three  devicaa  ware  teated  at  varioua 
exercises  and  in  apecial  aertiea  againat  fightera  from  Langley  AFB,  Virginia.  The  teat 
director  alao  conaulted  membera  of  47  Squadron,  RAF  Lynaham  (C-130),  to  benefit  from 
their  experiencea  with  obaarvation  cupolaa.  The  teat  findinga,  publiahcd  in  August  1963, 
confirmed  that  the  360-degrea  FOV  bubble  proved  to  bn  the  beat  of  the  three  devicaa  for 
warning  againa£^*ir-to-air  attack  and  for  obaerving  the  attacking  aircraft  during  evasive 

h-CL*  euvja/j 

In  1987,  the  Commander  in  Chief,  Nilitary  Airlift  Command  ICINCMAC)  elected  to  ■  ^ 


In  1987,  the  Commander  in  Chief,  M 
procure  and  deploy  bubbles  with  all  MAC 


C-130  units  to  include  the  Air  Force  Reserve 


and  the  Air  National  Guard.  Each  C-130  squadron  waa  alated  to  obtain  three  bubbles. 
Since  that  decision,  about  one  third  of  the  required  devices  have  been  fielded, 

A  great  deal  of  experience  has  now  been  gained  through  bubbly  operations.  That 
experience  can  be  conveniently  divided  into  three  parts:  equipment,  training,  and 
tactics.  The  remainder  of  this  paper  will  diacuss  those  three  topics  and  the  future  of 
the  rear  vision  device  program.  . . . 
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The  C-130  bubble,  shown  in  figure  one,  is  awnufactured  by  the  plastics  shop  of  the  ’ 
436th  Military  Airlift  Ming  at  McGuire  AFB,  New  Jersey.  The  plastic  cupola  itself  is 
made  from  heated  end  free-formed  plexiglass.  The  rest  of  the  hardware  is  made  in  a  jig 
created  from  e  surplus  C-130  overhead  eacape  hatch  ring. 

The  bubble  la  fitted  with  a  ring  shaped  plenum  for  defog  air  and  ventilation.  Once 
the  bubble  la  mounted  In  the  aircraft,  the  defog  ring  may  be  connected  to  an  air 
conditioning  duct  by  a  short  hose. 

Experience  indicates  that  the  bubble  works  best  with  a  few  pieces  of  support 
equipment,  The  observer  needs  some  protection  in  the  form  of  a  helmet,  body  restraint, 
and  a  good  handhold.  The  helmet  Is  standard  crew  issue,  but  the  matter  of  a  handhold  and 
restraint  la  pratty  much  lnft  up  to  individual  observers.  Some  observers  report  using  an 
ordinary  cargo  tlodown  strap  to  build  a  sort  of  web.  others  use  a  restraining  harness 
which  is  standard  aircraft  equipment .  Project  15-46-61  suggested  adding  a  handhold  to 
the  front  face  of  aircraft  station  345,  but  to  date,  this  has  not  been  done. 
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Aircrew  coordination  ia  greatly  facilitated  when  the  obaerver  can  nonitor  the 
radios.  The  instructor  intercom  panel  or  a  Y  cord  from  the  navigator's  intercom  ia 
preferred  for  the  observer's  headset  connection.  If  an  intercom  panel  ia  added  for  ready 
access  by  the  observer — so  much  the  better.  Stretching  an  intercom  cord  from  the  cargo 
deck  la  not  desirable  since  most  loadmaater  intercom  panels  do  not  allow  radio 
monitoring.  There  have  been  a  couple  of  intercom  lash-ups  devised  to  allow  the 
loadmaater  (the  most  likely  observer)  to  monitor  all  the  radios  and  not  just  the 
intercom;  however,  these  special  intercom  hookups  are  all  local  techniques  and  not  in 
widespread  use. 

Finally,  if  the  observer  is  to  spend  any  appreciable  time  in  the  bubble,  it  must  be 
distortion  free.  Bubbles  with  visual  defects  have  proven  to  be  annoying  and  fatiguing. 

A  pai  r  of  sunglaasea  or  a  dark  visor  ia  also  a  necessity. 

Until  recently,  ventilation  has  been  a  problem.  The  observer  gets  quite  warm  while 
sitting  in  the  bubble,  and  a  connection  to  the  aircraft  air  conditioner  has  proven 
inadequate  for  good  air  flow  into  the  defog  ring.  One  enterprising  squadron  recently 
solved  this  annoying  problem.  Instead  of  connecting  the  defog  ring  to  an  air  conditioner 
outlet,  they  connect  it  to  the  flare  port  or  seatant  port  with  a  length  of  standard 
oxygen  hose  terminating  in  a  short  length  of  plastic  pipe  as  shown  in  figure  two.  The 
pipe  ia  inserted  into  the  al ip-stream.  The  end  of  the  pipe  is  cut  at  an  angle  and  turned 
so  that  ram  air  is  fed  to  the  bubble  defog- ring.  The  angled  pipe  end  can  also  be  faced 
aft  to  ventilate  the  bubble  by  drawing  air.  out.  The  low  pressure  of  the  aircraft  air 
conditioning  system  is  no  longer  a  problem. 


TBAIMINC 

The  key  to  successful  bubble  operation  is  a  trained  observer;  however,  the  training 
is  not  altogether  simple.  Royal  Air  Force  and  USAF  experience  both  indicate  that  a 
single  training  sortie  is  insufficient  for  a  person  to  acquire  the  necessary  skills  to  be 
an  effect ive observer.  Additionally,  periodic  preotlce  against  aggressor  aircraft  is 
needed  to  amintain  the  various  skills. 

Initial  training  should  Include  scanning  techniques,  aircraft  type  recognition,  and 
estimating  range  to  aggressor  aircraft.  The  observer  suet  recognise  threat  and  nonthreat 
situations,  and  understand  evasive  maneuvers  ueefJl  during  various  phases  of  an  air-to- 
air  attack. 
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Observer  training  must  emphasise  crew  coordination.  Tha  observer  laarna  to  )>aaa 
visually  acquired  information  to  tha  other  crewmembers  using  words.  Conciaa  interphone 
calls  such  as  "Pilot,  observer,  break  left,  bandit  at  7  o'clock."  must  be  practiced. 
Furthermore,  the  observer  Must  learn  to  time  the  break  maneuver  precisely.  Calling  for  a 
break  maneuver  too  early  ia  a  universal  obaarvar  tendency,  but  this  incorrect  impulse  can 
be  corrected  with  training. 

If  a  threatening  aircraft  flies  in  the  dead  6  o'clock  position,  it  will  be  blocked 
from  the  observer's  view  by  the  vertical  stabiliser  and,  on  some  airplanes,  the  station 
keeping  equipment  radome.  in  these  Instances,  the  observer  learns  to  request  a  shallow 
skid  from  the  pilot  to  re-establish  visual  contact. 

Note  that  all  this  scanning,  estiMSting,  end  advising  is  done  while  facing  aft 
during  low  altitude  flight.  To  auiny  observers,  this  is  initially  disorienting  and 

confusing.  The  observer  Must  overcome  the  discomfort  caused  by  turbulence,  heat,  and  the 
unusual  viewing  direction.  One  observer  technique  used  to  overcome  the  backwards 
directions  is  to  write  the  clock  positions  and  also  the  words  "left”  and  "right"  at  the 
appropriate  locations  on  the  plesiglass  as  shown  in  figure  three. 


TACT1C8 

Specific  C-110  tactioe  are  published  in  a  classified  chapter  of  NhC  Regulation  55- 
130.  This  paper  will  not  discuss  those  specific  tacticsi  however,  there  are  unclassified 
sources  that  offer  Insight  into  use  of  the  bubble. 

in  his  book,  airlift  Operations  Ia  ft  Hostile  Invlronment.  Lt  Col  John  Skorupa 
Identifies  a  chain  of  sis  atepa  that  an  attacking  aircraft  must  accomplish  in  order  to 
shoot  down  another  aircraft.  Those  sis  steps  are  detect,  acquire,  track,  identify, 
intercept,  and  attack.  It  any  link  in  the  chain  is  broken,  the  attack  fails,  hn 
airlifter  with  a  bubble  and  trained  observer  can  increase  the  difficulty  of  an  attacker's 
task  at  four  steps  in  the  chain,  namely  detection,  acquisition,  interception,  and  the 
actual  attack— especially  if  it  is  a  gun  attack. 
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The  observer  should  concsntrst*  his  scan  on  ths  mr  hemisphere!  i.e.,  fro*  3 
o'clock  to  *  o'clock.  12  ths  observer  dstsets  s  bogey  (unknown  slrcrsCt)  ths  pilot  can 
Maneuver  to  decrease  the  chance  of  the  airlifter  being  detected.  This  *sy  *e*n  terrain 
■asking  or,  perhaps,  keeping  in  the  bogey's  ala  o'clock  position. 

if  the  bogey  detects  ths  airlifter,  ths  acquisition  task  can  still  be  sad*  sore 
difficult  by  relying  on  camouflage  at  low  level  and  by  terrain  Masking.  The  observer- 
pilot  tea*  aunt  work  together  -o  complicate  the  fighter  pilot's  acquisition  task. 

If  the  observer  notes  the  bogey  Maneuvering  for  Intercept,  timely  evasive  action  can 
seriously  delay  the  engagement. 

It  is  ussful  to  point  out  a  seemingly  obvious  bit  of  information  here.  It  is  not 
likely  that  a  fighter  will  waste  a  Missile  on  an  unarmed  transport  if  a  More  economical 
gun  pass  will  shoot  it  down.  Arsed  with  that  knowledge,  a  C-130  equipped  with  a  bubble 
has  s  distinct  advantage  over  a  plane  not  so  equipped.  The  observer-pilot  team  can 
Maneuver  to  foil  a  rear  approach  by  the  fighter  and  significantly  complicate  a  gun 
attack.  If  friendly  fighter  planes  are  close  by,  just  such  a  simple  delay  might  prevent 
an  attack.  The  bogey  Must  concentrate  on  achieving  a  stern  firing  solution  against  the 
transport  plant  while  worrying  about  his  own  safe  ty. 

If  a  gun  pass  is  unavoidable,  the  observer-pilot  tea*  can  still  make  a  shoot  down 
very  difficult.  Again,  I  borrow  inforsmtlon  from  Bkorupa. 

"A  fighter  closing  on  a  transport  at  low  altitude  and  slow  airspeed  will 
have  to  sacrifice  Much  of  its  potential  energy  and  a  portion  of  its  kinetic 
energy,  particularly  if  it  intends  to  asks  a  gun  pass.  To  use  its  guns,  it 
■ust  drop  to  near  the  altitude  of  the  target  and  if  it  does  not  slow  down,  the 
tins  available  to  Make  a  gun  pass  is  so  short  that  its  chances  of  success  are 
aamll.  This  is  so  because  an  air-to-air  cannon  is  only  effective  at  ranges  of 
less  thsa  1,000  to  4,000  feet.  Inside  1,000  feet,  the  fighter  employing  a 
cannon  runs  the  risk  of  shooting  itself  down  as  it  flies  through  shrapnel. 

Therefore,  the  window  of  opportunity  is  open  only  as  long  as  it  takes  the 
tighter  to  traverse  the  range  from  4,000  feet  to  1,000  feet.  A  500-knot 
fighter  overtaking  a  350-knot  transport  would  enter  and  exit  the  window  of 
opportunity  in  about  7  seconds.  Against  a  nonmaneuvering  target  at  moderate 
altitudes,  this  time  would  be  sufficient  for  even  the  least  proficient  of 


fighter  pilot*,  but  against  a  maneuvering  target  at  low  altitude*,  the 
available  tine  ia  much  leas,” 

Skorupa  goes  on  to  make  a  (airly  convincing  argument  that  a  maneuvering  transport 
could  not  only  reduce  the  window  of  opportunity  to  about  4  second*,  but  that  the  fighter 
will  probably  not  riak  multiple  gun  paaaea. 

"For  example,  consider  a  fighter  Mking  a  gun  pass  on  a  transport  that 
is  flying  at  300-foot  altitude  and  2S0  knots,  if  the  fighter's  cannon  i* 
inclined  above  centerline  2  degrees  (author's  notet  according  to  Skorupa,  this 
is  a  common  bores ight  angle  for  several  air-to-air  fighters)  and  the  fighter 
reguirea  3  degrees  angle  of  attack  to  maintain  leval  flight,  its  cannon  will 
be  pointed  5  degrees  above  horiaontal.  Therefore,  to  aim  the  cannon  at  a 
coaltitude  target,  the  fighter  must  enter  a  5  degree  dive.  (If  the  fighter 
starts  the  gun  pass  at  a  higher  altitude  than  300  feet,  it  must  increase  the 
dive  angle  by  1  degree  for  every  69. 8  feet  above  300  feet.  Since  a  higher 
dive  angle  also  increases  the  sink  rat*  of  the  fighter,  little  is  to  be  gained 
so  close  to  the  ground).  Assuming  the  fighter  begins  the  maneuver  at  S00 
knots,  it  has  about  4  seconds  before  tt  hits  the  ground." 

To  reiterate,  the  observer-pilot  team  can  complicate  the  detection,  acquisition, 
interception,  and  attack  links  in  the  chain  of  events  required  to  achieve  a  shoot  down. 

The  added  coaiplication  may  be  enough  to  discourage  the  attacker,  or,  if  the  attack 
ensues,  evasive  maneuvers  could  force  a  wide  enough  overshoot  to  force  the  fighter  to 
begin  tl>*  chain  all  over  again.  Meanwhile,  the  transport  may  be  able  to  use  camouflage 
and  terrain  masking  to  get  away. 


punms  plans 

m  there  tight  budgetary  times  it  is  always  dangerous  to  make  predictions  about  what 
equipment  may  be  developed  or  deployed.  Nonetheless,  there  are  a  couple  of  initiatives 
being  worked  by  the  acquisition  community. 

First,  although  it  was  recommended  by  MAC  Project  15-48-81,  the  bubble  has  never 
been  fully  tested  or  certified  to  be  pressurised.  This  is  an  obvious  drawback  as  long 
duration  "high-low-high*  flight  profiles  can't  safaly  use  the  bubble.  Installing  a 
bubble  in  flight  is  dangerous.  Those  who  have  attempted  in-flight  installation  report 
that  the  low  pressure  region  above  the  cockpit  draws  the  bubble  rapidly  into  the  escape 
hatch  hole  with  enough  force  to  sever  a  finger.  Efforts  are  under  way  to  develop  and 
test  a  bubble  using  thicker  plexiglass  or  other  materials  that  would  safely  withstand 
multiple  presaurisation  cycles  at  cold  temperatures. 

Second,  a  bubble  has  been  designed  and  partly  tested  for  use  on  the  C-141.  This 
bubble  design  mounts  in  the  aft  side  escape  hatch  and  affords  a  good  view  of  on*  side  and 
directly  behind  the  aircraft.  It  would  take  two  such  bubbles  to  protect  the  C-141. 


CONCLUSION 


The  C-130  bubble  is  widely,  but  not  universally  accepted.  There  remain  people  in 
the  airlift  cowinity  who  are  skeptical  as  to  the  value  of  the  bubble.  Aircrews  that 
have  used  the  bubble  at  Pad  Flag,  Maple  Flag,  and  other  exercises  almost  all  favor 
getting  more  and  Improved  bubbles.  There  is  also  keen  interest  among  those  who  do  not 
employ  C-130*  for  airlift,  such  aa  airborne  command  posts  and  tankers. 

As  stated  earlier,  the  bubble  developswnt  is  a  revisit  of  an  old  idea.  Many 
lessons,  once  common  knowledge  among  aviators,  are  surely  being  relearned. 
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SUMMARY 

SSi 

^Tha  Advanced  Transport  Technology  Mission  Analysis  (ATTRA)  program  ia  a  broad 
baaed  on-going  investigation  of  future  theatkr  airlift  mission  requirement*  and  tha 
technologies  necessary  to  satisfy  those  requirements.  The  ATTMA  study  is  an  Aero¬ 
nautical  Systems  Division,  Deputy  for  Development  Planning  (ASD/XR)  and  Wright  Re¬ 
search  and  Development  Center,  Technology  Bxploitation  Directorate  (WRDC/TX)  joint 
initiative.  This  paper,  which  is  based  upon  selected  results  of  this  study,  ad¬ 
dresses  the  design  and  technology  issues  pdsed  by  the  perceived  mission  requirements 
for  a  twenty  first  century  theater  transport. 

The  theater  transport  of  the  future  will  be  called  upon  to  operate  throughout  tho 
world  in  a  variety  of  climatic  conditions.  In  addition  it  will  be  called  upon  to 
operate  into  and  out  of  rsmote  and  austere  locations  with  unimproved  runvaya,  limited 
or  non-existent  landing  aida,  and  in  many  caaaa  no  cargo  handling  aquipment.  Such  an 
alrliftar  will  be  required  to  operate  near,  and  occasionally,  into  enemy  territory, 
where  the  threat  will  be  far  raora  lathal  than  in  tha  paatQ<*^ 
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The  design  and  tachnology  implications  of  thaae  perceived  requirements  aVe 
discussed  relative  to  three  deaign/technology  issues:  f ield_J.angth,  which  addresses 
both  the  impact  of  takeoff  and  landing  rule*_jMu~Shorf'fakeof£  and  Landing  (STOL) 
aircraft  design,  and  tha  impact  of  prgpuletoTT  and  vertical  lift  payload  on  Vertical 
or  Short  Takeoff  and  Landin£_XVfiTOLT  aircraft  design}  payload/aircraft  sixe,  which 
addresses  typical  theater  -transport  payloads,  productivity  as  a  function  of  payload 
and  the  contribution  of  advanced  materials  on  aircraft  sice:  and  survivability,  which 
addresses  the  impact  of  low  observables  considerations  upon  theater  transport  design. 
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INTRODUCTION 


The  emerging  doctrine  of  an  integrated  AlrLand  battlefield,  which  emphasizes 
battlefield  mobility  in  a  lethal  environment,  makes  it  necessary  to  reexamine  the 
role  and  nature  of  the  tactical  airlifter.  To  accomplish  this  examination,  ASD/XR 
and  WRDC/TX  embarked  upon  a.  program  Of  in-houae  and  contracted  mission  analyses, 
technology  application  and  concept  development  to  understand  the  key  issues  and 
assess  their  impact  upon  mlaalon  requirements  and  technology  needs.  The  examination 
of  future  airlifter  needs  was  conducted  in  the  context  of  three  notional  scenarios; 
MATO  Central  Region,  Southwest  Aala,  and  Central  America.  The  regions  represented  in 
these  scenarios  offer  a  diverse  representation  of  geographic  features,  logistics 
Infrastructure,  climate  conditions  and  thrsat  intsnaities  necessary  for  a  comprehen¬ 
sive  analysis. 

To  determine  the  relative  importance  pf  critical  technologies  and  design  issues, 
it  is  first  necessary  to  examine  current  airlift  operations  and  projected  future 
operations.  Figure  (1)  depicts  th#  currsnt  airlift  operations.  Airlifters  in 
theater  operate  out  pf  main  operating  bases  (MOB)  into  forward  operating  bases  (FOB) 
and  torwazd  operating  locations  (FOL)  with  the  final  movement  of  cargo  accomplished 
by  Ar*y  surface  or  helicopter  transport.  Figure  (2)  depicts  a  perception  of  the 
Intratheater  airlift  Operations  relative  to  the  battlefield  of  the  future.  The 
futgre  battlefield. will  require  increased  airlift  support  for  small  forces  (battalion 
and  company!  Which'  ire  continually  on  the  move.  The  airlifter  will  be  required  to 
operate  in  an  Increased  threat  environment  from  austere  airfields  or  non-airfields 
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etc,)  and  on  both  sides  of  tha  forward  line  of  troops  (PLOT), 
battlefield  indicated  a  need  exists  for  a  short  field  or 
Questions  ariseis  to  th*  required  field  length,  and  the 
op  aircraft  design?  To  address  these  issues,  representative 
les  were  developed  atfd  two  families  of  aircraft  ware  selected 
v*»0L.  ..  .  •  ■  ■ 


,j^~  MtMfltfrMfon-.to  mission  profiles  dppipyed  in  the  design  analysis  are  th*  Y 
Multl-itep  Assettlt  Wleeion  and  the  high  hot,  Assault  Mission.  Though  other  missions  | 
war#  considered,  these  missions  have  the  greatest  impact  upon  technology  and  design,  mm 
Figure  (3)  illustrates  thh'BUlti-htop  Assault  Mission.  This  mission  is  characterised 
by  out-of-country  basing,  ln-country  payload  on-load  followed  by  payload  deliveries  lyf 
employing  assault  takeoff  and  landing  rules,  no  in-country  maintenance  or  refueling 
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and  low  altitude  terrain  followir.g/terrain  avoidance  leg*  at  the  delivery  aitea.  The 
High  Hot  Assault  Mission,  Figure  (4),  is  characterised  by  a  sea  level  hot  day  tako- 
off ,  cruise  at  1000  feet  <300  m)  above  ground  level  (AGL)  to  an  assault  landing  and 
takeoff  at  4000  feet  (1200  »)  runway  elevation,  95  degree  Fahrenheit  (35°C)  con¬ 
ditions,  bracketed  by  200  foot  (60  a)  above  ground  level  penetration  and  egress  legs. 
These  design-to  mission  profiles  represent  the  initial  attempt  at  defining  future 
theater  transport  missions,  and  as  such,  are  being  continually  updated  as  the 
mission,  and  analysis  technology  assessment  progress. 

Figure  (5)  identifies  a  number  of  the  aircraft  concepts  examined  in  the  ATTKA 
study  effort.  Through  the  course  of  the  effort  three  6TOL  powered  lift  techniques 
and  six  vstol  vertical  lift  techniques  were  examined.  In  addition  to  conventional 
configurations,  low  observable  (LO)  configurations  were  also  included  in  the  study 
matrix.  The  STOL  propulsive  lift  concepts  include  both  turbofan  and  profan 
externally  blown  flap  and  upper  surface  blown  propulsive  concepts.  in  addition, 
turbofan  lift  engine  concepts  for  low  observable  STOL  were  investigated.  The  VSTOL 
matrix  included  both  turbofan  and  turboprop  propulsive  concepts.  The  turbofan 
propulsive  concepts  include  lift-plus-cruise,  lif t-plus-llf t  cruise  end  fan-in-wing. 
The  propeller  concepts  include  variations  of  tilt  wing,  tilt  nactlle-  and  tilt 
propeller  propulsive  concepts.  The  technology  and  design  considerations  presented 
within  this  paper  focus  on  propfan  externally  blown  flap  STOL  and  turboprop  tilt  wing 
VSTOL  concepts. 

To  accomplish  the  examination  of  the  box  slse/payload  issue,  three  nominal  box 
size/pay load  combinations  were  employed  in  the  design  matrix.  This  approach 
permitted  the  operations  analyst  to  determine  productivity  aa  a  function  of  box  size 
for  each  STOL  and  VSTOL  concept.  Table  (1)  Identifies  thaaa  combinations  for  the 
assault  condition  (3g  load  factor)  payloads.  The  medium  box  size/payload  case 
represents  the  C-130  cargo  box  dimensions,  but  with  ar.  increased  assault  payload 
capability.  The  small  box  size/payload  case  represents  a  point  in  the  design  matrix 
characterized  by  aircraft  that  are  primary  carriers  of  palletised  cargo.  The  large 
box  size/payload  variation  represents  the  capability  to  asBault  airland  large 
payloads,  such  as  the  Multiple  Launch  Socket  System  (MLRS). 

Having  established  a  notatlonal  concept  of  operations,  defined  typical  design-to 
mission  profiles,  and  Identified  a  concept  matrix,  the  issues  of  field  length,  box 
slze/payload  and  survivability  can  now  be  examined. 


FIELD  LENGTE-STOL  TAKEOFF  AND  LANDING  ROLES 

Since  both  a  VSTOL  and  STOL  takeoff  and  landing  capability  appear  to  offer 
distinct  operational  opportunities,  both  were  examined  to  determine  their  impact  upon 
design,  technology  and  operations.  The  Impact  of  STOL  field  length  will  be  discussed 
first. 

The  STOL  field  length  design  point  was  established  at  1500  feet  (460  m),  sea 
level  standard  day  conditions  and  assault  takeoff  and  landing  rules  (maximum  effort). 
This  definition  of  field  length  was  established  to  serve  as  a  reference  about  which 
tradeoff  and  sensitivity  analyses  can  be  conducted.  Figure  (6)  depicts  the  assault 
field  length.  Assault  rules  require  speed,  maneuver  and  climb  margins  to  be 
established  with  all  engines  operating.  Assault  rules  also  permit  the  use  of  maximum 
reverse  thrust  and  braki.ig  during  landing.  The  landing  field  length  is  defined  as 
ground  roll  plus  300  feet  (90  m) .  Takeoff  field  length  is  defined  as  the  distance 
required  to  accelerate  and  liftoff. 

The  impact  of  the  perceived  requirement  for  a  1500  foot  (460  m)  STOL  field  length 
is  Illustrated  in  Figure  (7),  for  a  propfan  STOL  configuration  which  employs 
externally  blown  flap  (EBF)  powered  lift  devices.  The  baseline  aircraft  in  this 
example  exhibits  a  mission  gross  weight  of  approximately  160,000  lbs.  (72,500  kg). 
Reducing  the  field  length  to  1200  feet  (370  m)  would  incur  extremely  large  weight 
penalties.  The  slope  of  the  curves  from  1500  feet  (460  m)  to  1203  feet  (370  m)  is 
extremely  steep,  indicating  that  1500  feet  (460  ■)  may  be  the  shortest  field  length 
that  can  be  reaaonably  considered  for  a  STOL  aircraft  of  this  size  which  employs 
powered  lift  devices.  The  cost  of  a  1500  foot  (460  m)  field  length  capability  is 
readily  seen.  Relaxing  the  field  length  requirement  from  1500  feet  (460  m)  to  2000 
feet  (600  m)  offers  reductions  of  134  in  mission  fuel,  15%  in  operating  weight  empty 
(OWE)  and  18%  in  mission  gross  wsigbt  (GW). 

Since  the  theater  transport  of  the  future  will  be  celled  upon  to  operate 
throughout  the  world,  the  effects  of  runway  tlevatlon  and  tsupsrature  conditions  must 
also  be  considered.  Using  sea  level  standard  day  conditions  and  essault  rules  as  the 
point  of  reference,  Figure  (8)  illustrates  the  effect  of  varying  runway  elevation  and 
temperature,  and  landing  rules  upon  aircraft  fuel  weight,  operating  weight  empty 
(OWE)  and  gross  weight  (GW).  If  the  design  point  is  established  at  5000  feet  (1,500 
m)  runway  evaluation  103  degress  Fahrenheit  (40  C),  in  lieu  of  see  level  standard  day 
conditions,  an  Increase  of  8%  in  mission  gross  weight,  11%  in  operating  weight  empty 
and  10%  in  mission  fuel  weight  is  Incurred,  if  normal  operating  rules  at  5000  feet 
(1500  a)  runway  elevation  and  103  F  (4<rc)  were  to  be  employed,  in  lieu  of  assault 
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rules  at  sea  level  standard  conditions,  penalties  of  18%,  25%  and  21%  to  mission 
gross  weight,  operating  weight  empty  and  fuel  weight  respectively  would  be 
experienced.  Normal  operating  rules  permit  continued  cafe  takeoff  or  stopping  after 
loss  of  an  engine  during  takeoff,  and  continued  safe  landing  operations  or  go  around 
after  the  loss  of  a  critical  engine  during  landing,  while  assault  require  that  all 
engines  be  operating.  This  difference  has  a  large  impact  on  engine  site.  As  can  be 
seen,  the  selection  of  field  length, • field  length  rules  and  atmospheric  conditions 
have  a  large  impact  upon  aircraft  design  weight. 

figures  (9)  and  (10)  illustrate  the  effect  of  atmospheric  conditions  and  field 
length  rules  upon  landing  performance.  In  Figure  (9),  the  assault  landing  design 
point  is  shown  to  be  established  at  a  3g  load  factor  with  an  aircraft  landing  weight 
of  220,000  lbs.  (99,800  kg)  and  a  corresponding  field  length  of  1500  feet  (460  m) , 
The  corresponding  hot  day  landing  performance  at  the  same  gross  weight  requires  a 
field  length  of  approximately  2000  feet  (600  m).  To  retain  the  same  field  length 
performance  of  1500  feet  (460  m)  at  high  hot  conditiona,  a  larga  reduction  in 
aircraft  payload  ie  required.  Figure  (10)  illuatratea  landing  performance  for  the 
same  conditions,  .but  for  normal  oparatlng  rules.  For  the  sea  level  standard  day 
case,  field  length  varies  from  1800  (550  m)  to  2400  (730  m)  feet,  while  for  the  5000 
foot  elevation  (1525  m)  hot  day  case,  field  length  varies  from  1900  feet  (580  m)  to 
3250  feet  (990  m) .  For  the  3g  load  factor  weight  the  critical  field  length  Is  2075 
feet  (630  m)  at  sea  level  standard  day  conditions  and  2750  feat  (840  m)  at  the  high 
altitude  hot  day  conditions. 

By  placing  the  STOL  field  length  design  point  at  sea  level  standard  day 
conditions  and  assault  rules,  good  performance  is  attained  at  high  hot  conditions,  as 
well  as  at  sea  level  standard  conditions,  for  both  assault  and  normal  operation,  and 
this  performance  is  attained  at  the  lowest  gross  weight. 


FIELD  LBNGTH-VSTOL  PROPULSION  AND  PAYLOAD 

Operations  analysis  indicates  that  a  VSTOL  capability  could  enhance  theater 
airlift  operations  by  offering  both  an  excellent  emergency  resupply  capability  and 
means  of  rapid  movement  of  reinforcing  infantry  battalions.  The  following  discussion 
identifies  some  of  the  design  considerations  and  their  impact  upon  weight  and 
technology.  The  takeoff  and  landing  field  length  for  the  VSTOL  configurations  is 
defined  as  0  to  300  feet  (90  m)  ground  roll  with  1.5  minutes  of  hover  time  allotted 
for  each  takeoff  or  landing  operation.  Figure  (11)  summarizes  the  relative  merits  of 
candidate  VSTOL  propulsion  concepts.  In  order  to  conduct  comparisons  of  a  wide 
variety  of  VSTOL  concepts,  the  definition  of  *VT0L  WEIGHT  FRACTION*  is  expanded  tD 
include  the  installed  weight  of  propulsion  and  lift  engines,  the  weight  of  the  fuel 
they  consume  in  VSTOL  operations  and  any  other  significant  weight  penalties  relative 
to  a  conventional  'cruise  airplane."  The  curves  presented  indicate  that  the  X-Wing, 
Lift-Cruise  and  Lift-Plus-Cruise  concepts  exhibit  either  high  weight  fractions  or 
high  exhaust  jet  velocities  (disk  loading).  The  Multi-Stop  Assault  Mission,  with  its 
multiple  stops,  favors  the  low  hover  fuel  consumption  of  the  Tilt  Rotor  and  Tilt  Wing 
class  of  propulsion  concepts.  The  turbofan  lift  engine  propulsion  concepts  are  of 
interest  because  they  lend  themselves  to  low  observables  design  and  are  later 
employed  to  assess  the  impact  of  low  observable  considerations  upon  theater  transport 
design. 

Erosion  of  the  ground  surface  by  the  lifting  engine  efflux  is  a  problem  which  is 
critical  to  the  development  of  a  VSTOL  tactical  transport,  since  the  stated  desire  is 
to  operate  near  to  the  final  delivery  point  into  unprepared  austere  sites.  Figure 
(12)  presents  the  ground  erosion  characteristics  of  typical  propulsive  concepts  as  a 
function  of  exhaust  dynamic  pressure  of  the  jet  sheet  at  the  ground  plar.e,  and  disk 
loading.  Disk  loading  is  defined  as  the  static  thruBt  divided  by  the  device  exit 
area  and  is  a  primary  measure  of  surface  erosion.  The  high  disk  loading  of  the 
turbofan  lift  engine  concepts  makes  them  only  suitable  for  operation  on  prepared 
surfaces.  Propeller  concepts,  such  as  the  XC-142,  with  disk  loadings  of 
approximately  60  psf  (2900  nt/sq  m),  are  suitable  for  operating  on  wet  sand,  wet  dirt 
and  gravel,  while  helicopters,  with  disk  loadings  of  20  psf  (960  nt/sq  m)  and  lower, 
can  operate  on  wet  sand,  dry  dirt  and  water  with  acceptable  surface  erosion. 

Since  disk  loading  determines  the  suitability  of  a  VSTOL  transport  to  operate 
into  forward  areas,  the  determination  of  the  optimum  disk  loading  from  a  design 
perspective  1b  of  interest.  Figure  (13)  is  a  notional  representation  of  the 
variation  in  total  propulsion  weight  as  a  function  of  propeller  diameter  and  disk 
loading.  The  horsepower  required  to  produce  a  given  thrust  is  strongly  influenced  by 
disk  loading.  As  propellers  become  larger  (lower  disk  loading),  the  engine  size 
becomea  smaller.  Conversely,  aa  propellers  become  smaller  (higher  disk  loading), 
larger  engines  are  required.  When  considering  these  effects  for  a  four  propeller 
VSTOL  aircraft,  the  lowest  aircraft  weight  would  occur  at  a  disk  loading  of 
approximately  30  lb/eq  ft  (1U0  nt/sq  »>.  Thie  optimum  disk  loading  is  not 
constrained  by  physical  design  limitations  such  as  wing  span,  wing  loading,  aspect 
ratio  and  propeller  diameter.  When  considering  these  constraints,  the  disk  loading 
for  the  lightest  vertical  lift  gross  weight  Tilt  Wing  configuration  is  in  the 
neighborhood  of  70  lb/aq  ft  (3350  nt/sq  m>.  This  la  not  an  extremely  low  disk 
loading!  however,  it  is  adequate  for  austere  ait#  VSTOL  operations.  If  lower  disk 
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loadings  ars  desired,  other  propulsion-wing-airframe  configurations  which  can 
facilitate  larger  diameter  propellers  or  rotors,  such  as  a  dual  Tilt  Ming,  may  be 
considered. 

The  propulsion  system,  consisting  of  engines,  gear  boxes,  shafting  and 
propellers,  and  the  vertical  lift  payload  are  critical  to  the  design  of  a  viable 
VSTOL  configuration.  Figure  (14)  offers  insight  into  the  effects  of  critical 
propulsion  parameters  upcn  propeller  Tilt  Ming  design  and  technology  needs.  For  this 
example  the  vertical  lift  propulsion  system  is  aixed  for  the  High  Hot.  Assault  Mission 
with  a  medium  payload  of  33,000  lbs  (15,000  kg).  Significant  improvement  in 
propulsion  ayetam  weight,  a  52%  reduction,  is  achieved  through  employing  flat  rated 
engines,  propeller  figure  of  merit  (FK)  of  0.75  and  a  thrust  tc  weight  ratio  of  1.08. 
FM  is  defined  as  tha  ratio  of  tha  propeller  elip  stream  kinetic  energy  rate  (Induced) 
to  the  input  energy  rate  of  the  propeller  shaft.  Tne  effect  of  thie  reduction  in 
propulsive  system  weight  is  reflected  in  the  aircraft  parameters  of  takeoff  gross 
weight  and  operating  weight  empty.  For  this  example,  thr  affect  of  a  high  FM  and  a 
reducad  thrust  to  weight  margin  is  mors  effective  than  reducing  the  payload  by  8,000 
lbs  (3,600  kg). 

Significant  improvement  in  propeller  VSTOL  vehicle  weight  can  be  made  through 
reductions  in  the  propulsion  system  weight,  however,  3lnce  VSTOL  transports  must 
operate  at  both  sea  level  and  at  higher  elevationa  the  judicious  selection  of  the 
vertical  lift  payload  is  important  if  reaaonable  size  aircraft  are  to  be  realized. 
Figure  (15)  depicts  the  impact  of  altitude  and  temperature  upon  vertical  lift  payload 
for  the  previous  example.  By  flat  rating  the  engines  at  the  high  hot  condition 
aircraft  gross  weight  is  reduced,  as  well  as  the  sea  level  vertical  lift  payload 
capability.  By  also  reducing  the  payload  from  33,000  lbs  (15,000  kg)  to  25,000  lbs 
(11,300  kg)  gross  weight  is  reduced  further,  while  an  acceptable  vertical  lift 
payload  match  across  the  altitude  temperature  spectrum  is  attained:  25,000  lb 
(11,300  kg)  at  4000  ft  (1220  m)  95°r  <35°C),  33,370  lb  (15,136  kg)  at  sea  level  90°F 
( 3 2°C ) ,  and  37,000  lb  (16,780  kg)  at  sea  level  59°F  US°C>. 

A  VSTOL  vehicle  can  be  considered  a  viable  theater  transport  alternative  to  a 
STOL  vehic  .e  if  propulsion  system  weight  reductions  can  be  achieved,  and  payloads  are 
selected  to  take  maximum  advantage  of  a  VSTOL  vehicle's  STOL  and  VTOL  capabilities. 
Propulsion  system  weight  reductions  can  be  achieved  through:  the  use  of  flat  rated 
engines,  engine  overboost  for  emergency  operation,  proper  propeller  selection  and 
optimisation  of  propeller  design.  The  payload  selection  for  a  VSTOL  transport  could 
be  based  on  three  levels  of  operational  capability:  where  the  vertical  lift  payloads 
might  be  determined  by  emergency  movements  and  resupply  which  require  direct 
delivery,  the  STOL  payloads,  which  are  larger,  might  be  determined  by  the  requirement 
for  operations  into  forward  austere  stripe,  and  the  maximum  payload,  might  be 
determined  by  the  1<  rgest  item  to  be  transported,  such  as  the  hlrs,  and  be 
accomplished  at  a  reduced  load  factor. 


AIRCRAFT  SIZE  AND  PAYLOAD 

The  payload/box  size  capability  of  a  future  theater  transport  must  be  determined 
within  the  context  of  the  theater  in  which  it  will  be  operating.  In  addition, 
consideration  must  also  be  given  to  the  other  airlifters  that  may  also  be  operating 
in  the  same  theater.  In  the  case  of  an  Advanced  Theater  Transport,  the  C-17's  may 
also  be  operating  in  the  same  theater.  Figure  (16)  is  an  example  of  the 
interdependent  nature  of  the  payload/box  size  issue.  This  figure  presents,  for  the 
European  Theater,  the  increase  in  productivity  for  families  of  the  small,  medium  and 
large  Advanced  Theater  Transports .  The  date  presented  was  produced  by  the 
Generalized  Airlift  Mobility  Model  (GAMM),  developed  specifically  for  the  evaluation 
of  theater  transports,  and  is  representative  of  a  notional  thirty  day  scenario.  The 
percentage  of  Total  Tons  Delivered  over  a  thirty  day  period  is  compared  for  varying 
fleet  mix  ratios  of  C-17  aircraft,  with  either  Advanced  Theater  Transport  STOL 
configurations  or  C-130  aircraft.  This  figure  indicates  that  box  size/payload  for  a 
future  theater  transport  msy  be  dependent  upon  C-17  aircraft  availability  and  its 
short  field  capability.  To  achieve  acceptable  effectiveness  with  minimum  numbers  of 
aircraft,  the  medium  or  large  payload  box  slse  combinations  may  be  prefurable  since 
more  C-17's  are  required  to  compensate  for  the  small  box  size  configuration.  The 
medium  and  large  configurations  can  carry  the  largeat  piece  of  equipment,  the 
Multiple  Launch  Rocket  System:  the  large  box  sice  variants  at  a  3g  load  factor 
(aasault  conditions)  and  the  medium  box  aize  variants  at  reduced  load  factor  of 
2.5g*a. 

The  payloads  that  tand  to  sice  a  future  theater  alrlifter  are  the:  ammunition 
pallets  (4C3L  pallet  aystem),  the  Multiple  Launch  Rocket  System  (MLRS),  the 
Palletised  Loading  System  (PLS)  flatracks  and  the  M198  Howitzer  with  truck.  Figure 
(17)  depicts  these  items.  The  MLRS,  at  57,400  lbs  (26,000  kg)  snd  9.75  feet  (3.0  m) 
wide,  establishes  the  maximum  payload  and  the  minimum  cargo  box  width.  The  M198 
howitzer  and  truck  establishes  the  minimum  cargo  floor  and  ramp  length.  The  PLS 
flatrack  offers  an  interesting  problem  to  the  designer,  in  that,  the  cargo  loading 
rack  8  ft  x  20  ft  (2.4  m  x  6.0  m)  weighting  37,000  lbs  (16,800  kg)  when  fully  loaded. 
The  PLS  flat  flatrack  is  primarily  designed  to  be  PLS  truck  transportable,  but  it  is 
envisioned  that  the  need  may  arisa  to  air  transport  PLS  flatracks  in  the  future. 
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The  contribution  of  advanced  material!  upon  aircraft  aize  and  weight  is 
significant  for  both  STOL  and  V8TOL  configurations.  The  impact  is  largest  upon  vsTOL 
designs  where  the  larger  propulsion  system  weight  fractions  more  rapidly  grow  the 
mission  gross  weight.  Figure  (18)  offers  an  insight  into  the  contribution  of 
advanced  materials  to  aircraft  weight  for  a  medium  payload  box  slue  externally  blown 
flap  (BBF)  propfan  8TOL  configuration  and  a  low  observable  turbofan  VSTOL 
configuration.  Two  cases  are  examined:  direct  substitution  of  advanced  materials 
into  a  design  originally  sited  for  conventional  materials  (not  reslsed),  and  the 
resited  case,  where  advanced  materials  are  the  initial  material  of  choice.  The 
primary  advanced  materials  utilised  are  aluminum-lithium  and  a  carbon  filament 
reinforced  plastic  (CFRP).  Direct  material  substitution  results  in  a  structural 
weight  reduction  of  approximately  26t  for  both  the  STOL  and  VSTOL  examples,  and  gross 
weight  reductions  of  20%  and  28%  respectivaly .  These  weight  reductions  ere 
impressive;  however,  the  true  impact  of  advanced  materials  can  be  oeen  in  the  case 
where  the  eaample  configurations  are  reslsed.  In  the  reslsed  cese,  the  STOL 
configuration  exhibits  s  47%  reduction  in  structural  weight  end  e  30%  reduction  in 
mission  gross  wsight.  Larger  weight  reductions  era  achieved  for  the  VSTOL 
configuration  where  e  50%  structural  weight  reduction  end  s  corresponding  35%  mission 
gross  weight  reduction  are  to  be  found.  The  STOL  example  employs  44%  advanced 
composite:  which  accounte  for  74.4%  of  the  total  weight  reduction.  The  low 
observable  VSTOL  configuration  is  composed  of  44.6%  advanced  composites  which 
accounts  for  62.5%  of  the  structural  weight  reduction.  When  all  composite  materials 
are  accounted  for,  the  total  composite  content  ia  55%  for  the  8T0L  and  65%  for  the 
VSTOL.  The  use  of  advanced  materials  can  significantly  impact  the  payload  range 
performance,  the  payload  field  length  performance,  and  the  physical  sixe  of  the 
theater  transport.  The  achievement  of  these  benefits  is,  however,  dependent  upon  the 
producibllity  of  large  composite  structures,  the  bottle  damage  tolerance  of  the 
selected  composite  material,  and  the  composite  material's  battle  damage  repair 
characteristics. 


SURVIVABILITY 

The  theater  airllfter  of  the  future  will  be  called  upon  to  operate  into  and  near 
a  wide  variety  of  threats  not  previously  experienced  by  transports.  These  threats 
include  small  arms,  air-to-air  missiles  and  cannon,  artillery,  surface  to  air 
missiles  (SAM's)  and  the  hand  held  IR  SAM's.  Survivability  enhancements  must  be 
considered  in  the  design  of  an  airllfter  since  they  are  critical  to  both  mission 
completion  and  aerodynamic  efficiency.  Cone lderation  must  be  given  to  both  the 
susceptibility  and  vulnerability  components  of  survivability.  From  the  vulnerability 
perspective,  the  future  theater  airlifter  must  be  capable  of  sustaining  battle  damage 
and  continue  to  operate.  Thus  the  reduction  of  vulnerable  area  through  hardening, 
shielding  of  critical  components,  inerting,  and  dual  path  techniques  must  be  included 
in  the  initial  design  process.  The  impact  of  low  observable  technologies  upon  design 
and  miaslon  success  also  is  an  important  issue.  Figure  (19)  provides  a  comparative 
view  of  the  Impact  of  low  observable  design  considerations  upon  aircraft  weight.  The 
LO  STOL,  VSTOL  and  LO  VSTOL  examples  employ  turbofan  lift  engines.  The  selection  of 
turbofan  lift  engines  is  predicated  upon  low  radar  cross  section  considerations.  The 
coat  of  low  observability  is  presented  as  a  percentage  weight  increase  relative  to 
conventional  STOL  and  VSTOL  designs.  The  radar  cross  section  of  the  LO 
configurations  is  several  orders  of  magnitude  lower  than  that  of  the  propfan  STOL 
example.  Both  the  LO  STOL  and  LO  VSTOL  examples  exhibit  approximately  a  25%  increase 
in  mission  gross  weight  over  their  conventional  counterparts.  The  penalties  incurred 
in  fuel  weight  and  operating  weight  empty  arc  also  significant.  These  large  weight 
penalties  can  be  attributed  primarily  to  radar  cross  section  considerations. 


TECHNOLOGY  RECOMMENDATIONS  AND  CONCLUSIONS 

The  ability  of  future  theater  airlifters  to  operate  nearer  to  the  PLOT  and  to 
operate  into  many  short  austera  fields,  that  were  inaccessible  to  theater  airlifters 
of  the  past,  is  in  great  part  due  to  the  advancements  in  light  weight  composite 
materials  and  the  specific  fuel  consumption  of  advanced  propfan  and  turboprop 
engines.  To  effectively  utilize  the  potential  gains  in  short  field  operating 
capability,  several  subsystem  capabilities  and  associated  technology  developments  are 
required . 

The  future  theater  airlifter  must  locate  the  landing  site,  execute  a  landing, 
offload  Its  cargo  and  depart.  To  locate  the  landing  site  a  precise  navigation  system 
le  essential.  Such  a  aystam,  in  addition  to  inertial  elements,  most  likely  will 
utilise  the  Global  Positioning  Systam  (GPS)  and  a  digital  terrain  map.  The  ingress 
and  egress  lags  to  the  delivery  site  will  be  conducted  at  low  altitude,  thus 
requiring  a  terrain  following  and  terrain . avoidance  capability.  In  the  likelihood 
that  more  than  one  aircraft  ia  involved  in  the  mission,  the  need  will  exist  for  a 
formation  flight  capability.  Such  a  formation  flight  capability  must  afford  safe 
aircraft  separation  at  higher  altitudes  and  during  terrain  following  and  terrain 
avoidance  flight.  To  minimise  the  threat  to  the  aircraft  over  the  delivery  site, 
during  airdrop  oparationa,  the  formation  flight  system  should  be  capable  of  time  se¬ 
quencing  deliveries  from  differing  headings.  For  airland  operations  into  austere  or 
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forward  ait**  «n  on-board  autonomous  approach  and  landing  guidance  system  will  be 
required.  Additionally ,  a*  8TOL/V6TOL  tranaport  operations  'break  free',  from  know 
established  airfields,  there  will  ba  an  increased  need  to  determine  the  aultabillty 
of  landing  sites  of  opportunity.  Perhaps  the  most  critical  need  generated  by  the 
ability  to  operate  into  forward  areas  is  an  on-board  cargo  handling  capability. 
Forward  end  austere  sites  will  have  limited  or  no  ground  handling  equipment.  The 
operators  of  the  theater  transport  of  the  future  will  be  faced  with  the  problem  of 
directly  transferring  cargo  onto  a  variety  of  surface  vehicles,  and  off-loading  cargo 
in  a  rapid  manner  into  precis*  locations. 

In  addition  to  the  operaticne-driven  technology  needs,  technology  development  is 
needed  for  reliable  and  lightweight  transmissions  and  cross  shafting  for  propeller 
VSTOL  concepts.  The  state  of  the  art  for  convertible  rotors  is  currently  represented 
by  the  rotors  on  the  V-22  aircraft.  Additional  research  is  needed  to  optimise  the 
performance  and  weight  of  props/rotors  operating  in  the  slse,  disk  loading  and  speed 
ranges  of  s  future  theater  airlifter. 

The  material  presanted  in  this  paper  ia  a  product  of  tha  first  iteration  of  a 
process  directed  to  understanding  the  future  theater  airlift  problem.  As  such, 
design-to  missions  and  specific  configurations  are  employed  to  gain  insight  into 
design  impacts  and  technology  development  needs.  Future  work  will  involve  the 
refinement  of  mission  requirements  and  daaign  rules,  and  a  more  detailed  assessment 
of  both  STOL  and  VSTOL  technology  needs  and  benefits. 
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FIGURE  (1)  CURRENT  AIRLIFT  OPERATIONS  FIGURE  (2)  FUTURE  FHEATER  OPERATIONS 
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SUMMARY 


Du*  to  a  strong  market  daaand  and  competition  tha  civil  paaaangar  aircraft  hav*  iaprovad 
considerably  in  parforaanc*  and  oparatlng  coat  in  tha  laat  30  yaara.  These  iaprovaaanta 
war*  achieved  mainly  by  progress  in  technology. 


Coaparabla  isprovasants  ware  not  reached  in  ailitary  airlift.  Tha  ailitary  transport 
aircraft  in  operation  today  ar*  of  older  design. 


Civil  and  ailitary  transport  technologies  ar*  identical  to  a  large  extent.  Therefore, 
application  of  the  advanced  civil  transport  technology  to  a  new  ailitary  transport  air¬ 
craft  proaises  a  leap  in  perforaanca  laproveaents  and  operating  cost  reductions.  More¬ 
over,  changes  in  task*  and  raquiraaenta  can  b*  incorporated  in  a  new  design. 


The  exaapla  of  an  advanced  aediua  tranport  aircraft  shows  proaislng  indications  of  the 
laproveaents  which  ar*  possible  by  applying  civil  transport  technology  and  encourages 
further  invest igationa .  j  ...  ,  ,  .  . 

}\aaJLl  ■  (La,\c  <<r, ,  -x  (X r  ^ 

i.  introduction  0UTI  A.J  , -X  J  r  t  -V.-lt :  -  Jr’y*  a.: 

Civil  passenger  aircraft  have  developed  anoraously  in  the  last  decades.  This  it  true  for 
large  coaaercial  Jet*  as  well  as  for  saaller  turboprop  planet  for  regional/coaautar 
services. 


Vhe  reasons  for  such,  in  soae  respect  draaatic  advanceaents  ar*  the  nurket  deaands 
together  with  a  atrong  coapetltlon  in  this  aarkat  sector.  The  regular  pasaenger  air 
traffic  has  increased  strongly  over  the  years;  e.g.  the  seat-allea  flown  in  regular 
passenger  air  traffic  have  aora  than  quadrupled  In  20  years  (fig.1).  This  increase  in 
traffic  has  led  to  a  great  daaand  for  aircraft.  In  ten  years  (197B  -  1988)  a  total  of 
about  7200  civil  transport  aircraft  were  built  (4100  Jets  ♦  3100  props). 


Especially  for  the  regional/coaautar  aarkat  the  aircraft  Manufacturers  offered  several 
aircraft  aodela,  and  a  rather  strong  coapetltlon  took  place  (fig  2).  As  a  consequence 
thereof  and  in  order  to  better  fulfil  the  needs  of  the  earket,  e.g.  lower  operating 
cost,  better  fuel  consuaptlon,  low  noise,  iaproved  passenger  coafort  etc.  new  technolo¬ 
gies  had  to  be  developed  and  applied  to  the  new  aircraft  types. 

Therefore,  a  vast  variety  of  aircraft  aodels  hav*  appeared  on  the  Market,  especially  in 
the  laat  twenty  years  and  a  nuabar  of  new  aodela  ar*  under  deveiopaent  (fig.  3).  Because 
of  the  predicted  further  steep  increase  in  aarkat  daaand  for  civil  aircraft  the  atrong 
coapetltlon  will  continue  with  the  necessity  for  the  aircraft  aanuf acturara  to  push 
ahead  new  technologies  and  to  develop  new  aircaft  aodela. 


This  competitive  race  has  not  taken  place  in  the  ailitary  air-transport  field.  On  tha 
contrary,  if  the  aediua  tranport  is  considered  for  20  years  no  new  deveiopaent  was 
carried  out  (ailitary  derivatives  of  civil  passenger  airplanes  ar*  not  taken  into 
account  hare). 


Such  aircraft  aa  the  C-160  "Tranaall"  are  still  in  operation  in  the  araed  forces. 


Therefore,  in  applying  the  achievement*  in  the  civil  field  to  ailitary  airlift  both 
drastic  perforaanca  laproveaents  and  operating  cost  reductions  can  be  expected. 


The  following  chapters  concentrate  on  turboprop  aircraft  technologies,  which  still  aeea 
to  bo  aoat  suitable  for  a  new  advanced  aediua  transport  aircraft. 


a.  PAD— HB  AC—  ZD  CZYZL  TRAtUPORT  AIRCRAFT 

The  progress  in  civil  passenger  aircraft  can  be  shown  in  taras  of  reductions  in  overall 
drag  and  weight,  iaprovenent*  in  porforaance,  safety,  reliability  and  maintenance  with 
the  main  result  of  the  reduction  of  the  operating  cost  and  will  be  discussed  subsequent¬ 
ly.  These  achievements  ere  due  to  the  application  of  advancad  technologies  in  the  fields 
of  flight  physics,  material*  and  structures,  equipment  and  avionics  as  well  as  to 
improved  procedures  in  air  traffic  and  aircraft  handling  and  will  be  outlined  in  chapt. 
3. 
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The  term  “  Max  take-off  weight  x  aax. cruise  speed/ installed  angina  powar  "  la  essen¬ 
tially  proportional  to  tha  lift/drag  ratio  of  an  aircraft  undar  aax.  cruinr  condltlona 
and  can  ba  taken  aa  a  aaaiura  for  tha  overall  affioiancy  of  an  airoraft.  'ii«  taro  has 
baan  incraaaad  by  about  aora  than  30X  in  20  yaari  (fig.  4), 

Tha  advancaa  in  weight  reduction  can  ba  shown  by  tha  ratio  of  "Oparating 
weight , eapty/nuabar  of  seats"  (fig.  S).  Thla  ratio  dapanda  atrongly  on  tha  tax.  cruiaa 
apaad  of  tha  alcraft.  gut  for  approx,  tha  aaiaa  daalgn  cruiaa  apaad  a  waight  raduction  of 
about  20  X  can  ba  aaauaad  in  tha  laat  20  yaara.  Thla  raault  waa  achieved  in  apita  of 
waight  adding  bacauaa  of  additional  cartlf lcation  raqulraaanta ,  incraaaad  paaaangar 
confort  by  battar  accoaodationa,  aora  apacloua  cabina  and  cabin  nolaa  laprovaaanta. 

In  tha  aaaa  tiaa  and  following  aarkat  raqulraaanta  tha  aax.  cruiaa  apaad  waa  incraaaad 
lataly  froa  appr.  180  knota  to  aora  than  330  knota  or  appr.  70%  (fig.  6). 

Tha  aafaty  of  air  traffic  iaprovad  by  a  factor  of  appr.  6-8.  (fig.  7).  for  jet  trana- 
porta  tha  nuabar  of  accldanta  dacraaaad  froa  an  avaraga  of  6-7  accldanta/nlllion  depar- 
turaa  in  tha  50ies  to  an  avaraga  of  only  1-2  accldanta/  ailllon  daparturaa  in  tha  SOiaa. 

Tha  naintananca  labour  coat  for  a  typical  ragional  airllnar  could  bo  raducad  froa  1966 
to  1989  by  66  X  dua  to  battar  tachnology  but  alao  iaprovad  aathoda  (fig. 6). 

In  conaaquanca  of  thaaa  varioua  laprovaaanta  tha  oparating  coat  of  civil  paaaangar 
alrplanaa  could  ba  raducad  continuoualv  ovar  tha  tiar  by  25-35%  ovary  tan  yaara  or  froa 
1950  to  1990  by  appr.  75  X  aa  ahown  in  fig.  9  for  jet  tranaporta. 

Tha  axaaploa  ahown  daaonatrata  convincingly  tha  traaandoua  prograaa  achiavad  in  civil 
airtranaport  in  tha  laat  dacadaa. 

Proa  thla  ona  can  daduct  alraady  that  for  a  naw  ailitary  transport  oparating  coat 
raductlona  in  tha  ranga  of  40  -  60  X  against  thoaa  of  axiating  ailitary  transports  aaaa 
to  ba  possibla. 


1.  OUTLINE  OP  ADVANCES  TECHNOLOGY  POE  CIVIL  TEAMB80BT  AXHCBAPT 

How  wara  thaaa  advancaaants  attalnad  as  ahown  in  tha  foragolng  chapter;  what  prograaa  in 
tha  varioua  technology  fialda  of  aaronautics  and  what  furthar  devalopaenta  can  ba 
axpactad?  To  anawar  this  quaatlona  only  aoaie  axaaploa  can  ba  given  in  tha  following. 


Tha  overall  layout  of  tha  aircraft  aa  it  ia  reflected  by  tho  aircraft  configuration 
influancea  to  a  large  extant  parforaanca  and  coat,  ka  ahown  already  in  fig.  2.  aodern 
turboprop  aircraft  aostly  still  show  tha  classical  kite  configuration  with  tha  anginas 
aountad  to  tha  wings  and  appear  to  be  tha  beat  solution.  However,  laaenae  detail  optiai- 
xation  waa  accoapliahad  for  reducing  aerodynaaic  drag  by  batter  ahapaa  (front/aft  tuae- 
laga, ving/f uaelage  fairing, landing  gear  fairinga),  and  by  iaprovad  overall  fineneas- 
ratio  (aanuf acturing  tolerances,  avoiding  of  disturbing  rlvatlnga  and  skin- joinings 
ate) . 


kerodvnaalca 

The  prograaa  in  aarodynaaica  was  achiavad  aainly  through  batter  understanding  oi  tha 
flow  phanoaena  and  aada  posaibla  by  highly  developed  calculation  aathoda  ( seai-eapirical 
and  theoretical)  using  high  parforaanca  coaputers  and  by  tha  tasting  in  advanced  wind 
tunnels.  It  ia  possible  to  aiaulata  and  calculate  the  flow  field  around  coaplete  air¬ 
craft  configurations  with  relatively  high  accuracy  (  fig. 10). 

keqardlng  tha  wing  daalgn  the  wing  tactions  can  ba  daaignad  to  specific  requireaents. 
tasantlal  transfers  ware  aada  froa  supercritical  or  transsonic  wing  section  develop- 
aanta,  which  originally  ware  targeted  to  ailitary  coabat  aircraft.  With  respect  to  civil 
aircraft  a  aain  objective  of  such  devalopaenta  was  to  reduce  wing  section  drag  for 
cruiaa  conditions  (flg.11).  In  addition,  laprovaaanta  ware  achiavad  by  aora  sophisticat¬ 
ed  wing  planforaa  especially  concerning  tha  wing  tip  shape  in  order  to  reduce  the 
induced  drag  (winglata,  atrakes,  etc).  Tha  laainar  wing  tachnology  currently  undar 
davalopaant  proaisaa  a  furthar  drag  raduction  in  tha  order  of  10-20  X  with  fuel  savings 
depending  on  tha  final  solution  in  tho  order  of  5  -  10  X.  In  tha  cate  of  regional/ 
coaautar  aircraft  a  natural  laainar  flow  solution  with  a  wing  of  no  or  aodarata  awaap 
aeons  to  bo  faasable.  Tha  tachnology  work  carried  out  so  far  in  Oernany  has  ahown 
encouraging  results  in  this  respect  (fig. 12). 

Utility/coaautar  aircraft  are  aoaatiaaa  required  to  operate  froa  or  to  aaallar  airfields 
with  relatively  short  runwaya,  e.g.  London  STOL-port,  operation  to  Greek  islands  etc.. 
Moreover,  rough  field  operation  froa  Less  prepared  altos  are  aoaatiaaa  required.  There¬ 
fore,  soae  of  these  aircraft  have  astonishing  capabilities  in  thia  respect  (fig. 13). 


Propulsion 
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The  propulsion  system  ha*  contributed  substsnc tally  to  th*  improvements  achieved  in 
civil  pataangar  aircraft.  Tha  turboprop  angina  hat  gainad  special  attantion  again  for 
tha  ragional/coaautar  aircraft  bacauaa  of  th*  lower  fual  conauaption  in  coapariaon  to 
jat  anginaa.  A  nuabar  of  newly  davalopad  angina*  waa  offered  by  th*  angina  aanufacturara 
in  th*  court*  of  tha  davalopaant  of  auch  aircraft  aa  ATR  42,  Saab  SR  340,  Dornlar  326 
and  othara. 

Th*  afforta  to  iaprova  th*  anginaa  concentrated  to  a  large  extant  on  reducing  th* 
specific  fuel  csnsuaptlon.  A  reduction  of  about  40  %  waa  reached  (fig. 14).  Other  **- 
■arkabla  iaprovaaant*  ara  related  to  reliability  and  Maintenance  coat. 

Concerning  the  propeller  davalopaant  th*  improvement*  attained  ware  through  batter 
aerodynamic  design  and  structural  layout  of  tho  bladaa,  loading  to  higher  efficiency  and 
lower  specific  weight.  Rig.  IS  show*  tha  improvements  in  efficiency  of  advanced  propel* 
lari  for  medium  and  nigh  epaad  aubaonic  aircraft  In  comparison  to  conventional  propel- 
lara.  Especially  th*  counterrotating  propfan  it  vary  promising  for  a  next  generation 
turboprop  aircraft. 


Material*  and  .Structural 

Th*  davalopaant  of  advanced  materials  a.g.  reinforced  fibre  composite*  waa  pushed  ahead 
originally  for  tha  military  combat  aircraft,  bacauaa  of  the  priority  given  to  high 
performance  goals,  which  exist  In  this  aircraft  field.  Therefor*,  the  application  of  new 
matarlali  and  related  atructuras  ia  moat  advanced  here,  especially  alto  for  primary 
atructuraa.  In  the  civil  field,  coat  and  cartif  icai-lon  aspect!  are  playing  a  more 
important  role. 

Compoaitea  structural  ara  introduced  widely  for  secondary  atructuraa;  for  example  aoaa 
landing  flapa  of  th*  Airbua  show  a  carbon  fibro  composite  structure.  But  the  application 
for  primary  structures  ia  still  relativaly  limited,  e.g.  the  outer  wing  of  the  regional 
aircraft  ATR  72  la  a  carbon  fibre  composite  structure. 

It  can  be  expected  that  in  next  generation  aircraft  composite*  atructuraa  will  be  used 
to  a  higher  extent  Including  possibly  a  composite  fuselage. 

As  known,  the  new  material*  have  a  tremendous  potential  in  various  parameter!  aa  for 
example  in  tensile  strength  <fig.16).  This  potential  cannot  be  reached  completely  for 
the  complex  atructuraa  of  aircraft,  but  weight  reductions  in  the  range  of  20-25  %  has 
been  accomplished.  Because  of  the  higher  coat  of  th*  composite  materials  the  development 
of  new  structures  has  to  concentrate  on  lower  cost  manufacturing  methods.  The  develop¬ 
ment  shows  a  trend  towards  still  more  Integrated  structures  and  automated  processes. 


In  order  to  give  some  examples  of  modern  structures  for  regional  aircraft,  fig.  17  shows 
the  wing  panel  of  the  Dornler  228  which  is  an  integrally  milled  AL-alloy  structure;  not 
only  th*  stringers  but  also  th*  rib  caps  are  integrally  milled.  The  nuabar  of  parts  and 
rivets  Is  drastically  reduced  leading  to  a  large  coat  reduction  for  tooling  and  wing 
asaemblying. 

The  airframe  of  the  new  Dornler  32B  will  consist  with  20%  of  nonaatallic  structure 
(fig.18).  The  horiaontal  and  the  vertical  tail  spars  ara  in  carbon  fibre  composites.  The 
vertical  tali  spar  and  the  fuaalage  attachment  frame  are  produced  in  e  single  manufactu¬ 
ring  process,  thus  leading  to  a  weight  saving  of  sppr.  25%  with  production  coat  very 
clos*  to  those  of  a  comparable  metal  construction. 

Th*  carbon  fibre  composite  technology  for  th*  next  generation  aircraft  is  in  progress 
both  with  regard  to  wing  and  fuselage.  In  connection  with  the  development  of  a  new 
laminar  wlr.g  the  concept  of  a  carbon  fibre  composite  wing  is  developed  and  tha  necessary 
structural  testa  carried  out.  In  th*  course  of  a  technology  programme  for  a  new  fuaalage 
a  CERP  fuaalage  teat  sample  waa  built  and  tasted.  Up  to  250.000  flights  ware  simulated 
without  any  problems  concerning  th*  structural  integrity  of  th*  integrally  stiffened 
CERP-call  (fig. 19).  Based  on  thaae  results  further  effort*  are  concentrating  on  ob¬ 
taining  th*  design  goals  of  a  reduction  in  weight  of  1 5  %  and  in  production  cost  of  5  %. 

Important  advances  have  bean  reached  also  in  tha  davalopaant  of  corroalon  resistant 
materials  and  surface  technology  which  lead  to  higher  service  life  and  lower  aalntenanc* 
coat. 


Integrated  control  technology 

Integrated  control  technology  (ICT)  deals  with  the  problems  of  flight  control  and 
includes  topics  likat 

♦  Ely-by-wir#/  fly-by-light  technology, 

+  Advanced  autopilot  technology  (4-C-Nav.,  autothrot tie , autnland) , 

+  Active  control  technology. 


There  are  increasing  interfaces  to  tha  avionic  system  concerning  function*  like 

+  night  management  system 
♦  Communications  ayataaa 
+  cockpit  tachnology 

Therefore  a  atrong  interdependence  axiata  between  integrated  control  technology  and 
avionica. 

Tha  integrated  control  tachnology  hae  potential  to  reduce  operating  coat,  to  increaae 
flight  aafety  and  to  improve  paaaanger  contort. 

The  aioat  advanced  connarclcl  aircraft  in  thia  reapect  ia  tha  Airbus  A320  with  ita 
fly-by-wire  ayataai.  The  application  of  ICT  in  regional/conaiuter  aircraft  ia  atill  very 
liaiited  due  to  the  fact  that  for  theae  aircraft  leaa  coatly  aolutiona  auat  be  found  in 
order  to  and  up  with  a  reduction  in  operating  coat. 

However,  it  ia  generally  expected  that  the  next  generation  regional  aircraft  will  aiake 
higher  uae  of  the  integrated  control  technology. 


Avionica 

The  progreaa  in  Modern  electronica  haa  lad  to  draaiatic  changea  in  architecture  and 

hardware  of  the  avionic  ayateea.  Volume,  weight,  reliability,  maintainability  and 
operating  coat  could  be  reduced  conaidarably.  For  exanple,  voluae  and  weight  of  typical 
avionica  computer*  were  reduced  both  by  a  factor  of  about  4  (fig.  20). 

The  trend  is  an  increasing  degree  of  integration  between  the  different  subsystems  or 
functions  including  also  basic  systems  e.g.  the  hydraulics  system  for  condition  monitor¬ 
ing,  fault  detection  etc.. 

The  changes  in  the  lay-out  of  the  cockpit  and  especially  in  the  instrument  p<  iel  show 
the  development  in  this  field  in  a  most  impressive  way.  Aa  an  example  for  a  regional 
aircraft  the  advanced  glass  cockpit  of  the  Oornier  328  ia  shown  (fig.  21). 

The  avionica  system  of  the  Dornier  328  is  a  totally  integrated  Honeywell  system,  using t 

the  Avionica  standard  Communication  Bus  (ASCB)  and  a  Radio  System  Bus  (RSB).  It  is' 

comprised  of  the  following  major  subsystems  and  LRU's: 

*  Integrated  Electronic  Display  System  ( EDS } 

2  Primary  Flight  Displays  (PFD) 

-  2  Multifunction  Displays  (nfd) 

Engine  Indication  and  Crew  Alerting  (ElCfS)  Display 

•  Guidance  and  Display  Control  Panel 


*  Integrated  Avionics  Computer  (IAC)  containing: 

-  Power  Supply 
Buscontroller 
Input/Output  Interface 
Display  Electronic  Interface 
Fault  Naming  Computer 

Automatic  Flight  Control  System  (AFCS)  Computer 
(single  basic,  dual  optional) 

-  Flight  Management  Computer  System  (optional) 

*  Digital  Air  Data  Reference  Units 

*  Attitude  and  Heading  Reference  System  (AHRS) 

*  Data  Acquisition  Units  (DAU'a) 

*  Radio  and  Heather  Radar  Subsystems 

*  Inertial  Reference  System  (optional) 

*  Traffic  and  Collision  Avoidance  Systeai  (optional) 

*  Lightning  Sensor  Systea.  (optional) 

Due  to  the  high  dependence  of  modern  aircraft  on  electronics  this  equipment  must  be  safe 
and  be  protected  against  external  high  energy  electromagnetic  radiation  (  HERF/EMI 
environment) . 

The  Do  328  will  be  the  first  regional  aircraft  in  ita  class,  which  will  be  certificated 
according  to  theae  new  certification  requirements. 
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Integrated  effect  of  technology  development  on  civil  turboprop  aircraft 

The  progreas  in  the  varioui  field!  of  technology  at  shortly  outlined  in  the  foregoing 
■ubchaptera  can  be  combined  to  an  integrated  effect  for  a  next  generation  turboprop. 
According  to  the  investigations  carried  out  the  following  improvement  potential  in 
comparison  to  current  aicraft  technology  can  be  aatumed  (fig. 22): 


-  Laminar  wing  technology: 

-  Propulaion  -  engines 

-  propellers: 

-  Materials  and  structures: 

-  ICT  and  avionics: 


15%  drag  reduction 
9%  lower  3 PC 

8%  better  prop  efficiency 
26%  structural  weight  reduction 
1%  HTOW  reduction 


The  resulting  operating  coat  reductions  depend  strongly  on  the  specific  project  and 
application.  The  combined  effect  of  the  various  improvements  can  be  shown,  if  the 
take-off  weight  of  two  aircraft  are  compared  which  are  designed  to  Ihe  same  require¬ 
ments,  but  differ  in  technology  status  (fig.  22).  The  comparison  shows  a  take-off  weight 
reduction  of  about  17%;  this  reduction  corresponds  to  about  72%  of  the  payload. 


4.  COMPARISON  OP  PASSSMOSR  AIRCRAFT  NITS  MILITARY  TRANSPORT  AIRCRAFT 

In  order  to  answer  the  question  to  what  extent  modern  technology  for  civil  passenger 
turboprop  aircraft  is  applicable  to  military  transport  aircraft  and  can  lead  to  similar 
improvements,  it  is  necessary  to  compare  both  aircraft  categories  with  each  other. 


Tasks  and  requirements 

Mission  and  design  requirements  for  civil  and  military  aircraft  are  different  in  many 
respects.  But  in  the  case  of  military  transports  a  number  of  similar  requirements  in 
comparison  to  civil  aircraft  can  be  found.  This  is  especially  true  if  civil  propeller 
transport  aircraft  for  regional/commuter/utility  missions  are  considered  as  discussed. 

The  tasks  of  both  aircraft  categories  are  basically  identical,  namely  the  transport  of 
persons  or  goods  from  one  place  to  another  (fig. 23).  To  a  larger  part  the  requirements 
are  similar  or  even  identical  aa  for  example  high  cruising  speed,  medium  range  and 
payload,  good  airfield  capabilities,  low  cost  operation  and  good  mainainability  (fig. 
24),  The  military  transport  has  to  be  more  autonomous,  flexible  and  robust  in  terms  of 
operation  and  variety  of  goods.  Civil  aircraft  designed  for  utility  missions  are  getting 
very  close  in  this  respect. 

However,  military  aircraft  must  be  designed  according  to  more  stringent  military  certi¬ 
fication  rules  e.g.  load  factors,  floor  strength,  manoeuvrability  etc.  leading  to  higher 
structural  weight.  On  the  other  hand  the  utilisation  of  military  transport  aircraft  in 
peacetime  is  relatively  low  (200-400  h/year)  in  comparison  to  civil  commercial  pas¬ 
senger  airplanes  (2000-  3000  h/years)  having  a  positive  effect  with  respect  to  structu¬ 
ral  weight. 


General  configuration 

Civil  and  military  medium  transport  airplanes  are  of  very  similar  general  configuration, 
especially  if  civil  aircraft  with  a  high  wing  arrangement  and  the  main  landing  gear 
retracting  into  fuselage  nacelles  are  considered  (  fig. 25).  Both  types  use  turboprop 
engines.  Moreover,  cockpit  and  system  design,  components  and  material  show  a  high  degree 
of  commonality. 

There  are  important  differences  as  fuselage  cross-section,  floor  height,  rear  fuselage 
and  landing  gear  design  (fig  26). 

Due  to  the  differences  in  the  certification  rules  as  mentioned,  military  transport 
airplanes  have  to  be  designed  according  to  the  military  requirements  in  order  to  achieve 
desired  results  in  terms  of  performance  and  coat,  l.f:.  a  dedicated  design  is  required. 
Derivatives  of  civil  aircraft  suffer  from  restrictions  leading  to  unsatisfying  military 
usefulness. 


Applicability  of  civil  passenger  transport  technology 

It  can  be  concluded  that  the  differences  between  the  two  types  of  aircraft  as  shortly 
discussed  are  much  smaller  and  lest  important  than  the  commonalities  which  exist  in 
overall  configuration,  technology,  systems-  and  component  design. 

Therefore,  the  civil  passenger  transport  technology  can  be  used  to  a  large  extent  to  the 
military  transport.  The  state  of  the  art  of  dedicated  military  turboprop  transports 
still  in  operation  today  are  that  of  the  60's  and  early  70's.  Therefore,  the  progress 
achieved  in  the  civil  field  can  be  very  bene'ticial  to  a  new  military  transport. 
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S.  APPLICATION  OP  CIVIL  PAIUNOIA  TRANSPORT  TICINO  LOOT  TO  NILITART  AIRLIFT  (AN  IZAMPLI) 


General  remarks 

In  the  following  an  example  of  an  advanced  medium  tramport  it  presented  incorporating 
the  iioat  probable  technological  atate  in  the  year  2000.  The  prelieinary  design  shown 
rapresents  an  extrapolation  froa  civil  transport  technology  as  outlined  in  the  foregoing 
chapters.  The  specific  design  requireaents  of  ailitary  tranports  are  taken  into  account, 
too.  Moreover,  probable  changes  in  tasks  and  operations  for  future  medium  transports  are 
considered. 


Example  of  an  advanced  medium  transport  aircraft 

The  tasks  for  a  future  transport  aircraft  should  be  oriented  towards  the  new  expected 
roles  of  the  armed  forces  in  Europe.  Prom  this  point  of  view  a  medium  air  transport 
system  assisting  defence  roles  with  the  characteristics  listed  in  fig.  27  seems  to  be 
very  interesting. 

Especially  peacetime  support  missions  after  catastrophes,  missions  in  the  context  of 
armament  control  (verification)  and  against  terrorists  and  smuggling,  UNO-support 
missions  also  for  cricls  management  may  get  higher  priority.  Such  missions  will  require 
a  higher  degree  of  mobility,  flexibility  and  autonomy  of  the  resp.  taskforce  carried  to 
the  employment  area  (fig.  26). 

Therefore,  a  mobile  taskforce  consisting,  for  example,  of  a  truck  (  Unimog,2  to)  plus 
equipped  container  plus  4-6  troops  as  a  selfcontained  operational  unit  is  seen  as  a 
possible  design  payload. 

Other  important  requireaents  may  be: 

+  high  cruise  speed  for  quick  reaction, 

+  good  flight  manoeuvrability  and  take  off  and  landing  performance 
for  excellent  operational  flexibility 

♦  medium-range  capability  to  cover  a  sufficient  area, 

♦  low  operating  coat  comparable  to  those  of  civil  aircraft. 

The  configuration  for  an  advanced  medium  transport  aircraft  as  an  example  is  proposed  as 
still  conventional  with  high  wing  and  two  turboprop  engines  fitted  to  the  wing  (fig. 
29).  The  overall  design  is  for  optimal  aerodynamic  drag.  The  fuselage  is  bulky  with  a 
rear  loading  ramp  to  allow  the  transport  of  2  to  trucks  and  contains  a  cabin  crane 
system  for  the  lifting  and  loading  of  containers  and  other  loads  (fig.  30). 

Other  examples  of  typical  payloads  (cross-sections  are  shown  also  in  fig.  30): 

♦  3  shelters  (2,9  m  x  2.05  m  x  1,83  m) , 

+  2  trucks,  (UNIHOQ,  2  to) 

+  4  container  (88''  x  108' '  x  71*'), 

+  56  troops,  equipped. 

The  operating  range  as  illustrated  in  fig.  31  covers  major  parts  of  Europe,  Middle  East 
and  North  Africa,  the  latter  interesting  for  support  missions  as  mentioned. 

The  example  given  utilises  the  following  technological  features  (fig.  32): 

+  Advanced  propulsion  system 
♦  Laminar  wing  technology 
+  High  lift  flap  system 
+  Cerbon  fibre  fuselage 
Fly-by-wire  technology 
+  Relaxed  stability 
+  Advanced  avionics  system. 

The  improvements  which  seems  to  be  achievable  In  comparison  to  earlier  designs  are  given 
in  the  diagrems  of  fig.  33.  Aa  can  be  seen  the  lift/drag  ratio  of  a  modern  design  could 
be  increased  by  30  %  against  designs  of  the  60/70ies  (see  chap.  1).  The  weight  break 
down  in  percentages  show  that  the  ratio:  "operating  weight  empty/aax  take-off  weight" 
will  decrease  only  by  a  limited  amount  (7  I)  due  to  the  fact  that  cruise  speed  and 
relative  fuselage  volume  (especially  diameter)  both  have  increased  considerably.  The 
max.  cruise  speed  is  40  %  higher. 

Another  characteristic  value  concerning  weight  represents  the  ratio:"  operating  weight 
empty/aax.  payload".  This  value  ia  decreased  by  appr.  20  %. 

Concerning  a  comparison  of  fuselage  cross-sactions ,  fig.  34  shows  that  a  new  dedicated 
medium  transport  can  be  designed  such  that  it  equals  or  even  surpasses  larger  transport 
aircraft  and  is  vary  superior  to  derivatives  of  civil  passenger  aircraft  in  this  class, 
because  of  a  more  favourable  floor  position.  The  width  of  the  cabin  is  comparable  to  a 
six-abreast  passenger  lay-out. 
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6.  CONCLUSIONS 

The  performance  and  operating  coat  of  modern  civil  passenger  aircraft  have  improved 
significantly  in  the  last  30  years  due  to  considerable  progress  in  aeronautical  techno¬ 
logies  and  operation  procedures.  The  military  transport  aircraft  in  operation  today  are 
of  older  design  with  operating  cost  not  competitive  with  those  of  modern  civil  transport 
aircraft.  New  dedicated  military  transport  aircraft  for  medium  roles  are  not  available 
and  not  under  development. 

Cue  to  the  high  degree  of  commonality  of  civil  with  military  transport  technology  a 
major  leap  seems  possible  for  military  transport  aircraft, now,  if  civil  technology  are 
applied  to  a  new  design. 

In  addition,  new  designs  coui  1  incorporate  the  aubstancial  changes  ir  tasks  and  require¬ 
ments  for  future  modern  air  tranport  systems. 

Because  of  the  specific  requirements  for  military  transport  aircraft  dedicated  designs 
are  necessary;  derivatives  of  civil  passenger  aircraft  are  not  satisfying. 

The  exemple  of  an  advanced  medium  transport  aircraft  is  designed  to  possible  new  re¬ 
quirements  which  seem  to  get  importance  in  the  future.  The  design  shows  a  conventional 
configuration  using  turboprop  engines  and  incorporating  foreseeable  technology  develop¬ 
ment.  The  example  gives  promising  indications  of  the  improvements,  which  are  possible  by 
applying  civil  transport  technology. 

Naturally,  more  detailed  investigations  are  necessary  to  substanciate  these  statements 
further . 
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Fig.  14:  Specific  fuel  consumption  of 
turboprop  engines 


Fig.  15:  Propeller  development 


rig.  22 t  Integrated  affect  of  progress  In  rig.  23:  Comparison  of  tasks 

aaronautlca  development  for  civil 
turboprop  aircraft 
(weight  reduction  potential) 


CM 


*  High  Crulae  Speed 

*  Take-off  and  Landing  from 
Alrporfe/emaller,  leee  prepared  Airfield 
(Utlllty/Commufer)  ->  STOL  Capability 

©Compatible  to  ATC  flow 

*  Medium  Range  (900-2000  km) 


•  Comfortable  Cabin  Layout  (pitch...) 
©Low  Infernal  Nolle 
©  Paitenger  Appeal 

“•  Lon  OOC 


*  High  Safely 

©  High  IHIUzoflon 

*  High  Dispatch  RellabllRy 

*  Economic  Maintainability 

*  Low  Envlremental  Impact  (Noise...) 
©  Dependant  Navigation  System 

*  Short  turn-around  time 


©to  CMI  Standard 


Similar©  Different 


Military 


Cabin 


Oam 


*  High  Dash  Speed 

•  Take-off  and  Landing  from 
Airbase/Combat  Airfield  (unpaved) 

•  STOL  Capability 

*  Medium  Range  ( 1000-4000  km) 


*  Large  Cross  Section 

SRear  Loading  Ramp 
Low  Floor  Height 


•  Low  "Life  Cycle-Costs" 


'  High  Safety 
(©Low  Utilization  (Peacetime) 

*  High  Mission  Reliability 

*  Eary, autonomous  Maintainability 

*  Low  Environmental  Impact  (Peacetime) 
©  Independant  Navigation  System 

*  Autonomous  Operation  (Loading...) 

*  High  Survivability  (in  Wartime) 


©to  Military  Standard 


Pig.  24:  Comparison  of  requirements 


Pig.  25:  Comparison  of  general  configuration  Fig.  25:  Comparison  of  typical  design 

features 
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TASKS  (Exempt*) _ 

•  Timpart  SyMMn  tor  MMw  MMm 

-  Quick  Deployment  of  umall  Troop  Units 

-  Logistic  Support  to  focal  Points 

-  Casualty  Transport 

*  Autonomous  Transport  System  tor 

-  Oleaster  Operations  (first  Aid...) 

-  Rescue  Transport 

-  flying  Clinic 

-  Mobile  Command  Post 

-  Verification  Missions 

-  UNO  Missions 

-  Crisis  Management 
'SpscWMMass 

-  Maritime  Patrol 

-  Photo  Reconnaissance 

-  Electronic  Intelligence 

-  Pollution  Control 

-  Agricultural  Flights 

-  Mopping 


Fig.  28:  Advanced  nediun  transport  aircraft 
-  typical  mission  profile  - 


REQUIREMENTS  (Examptee) 

Valu.* 

*  High  Cruls*  5p**d 

*  Rang*,  normal 

*  Rang*,  extended 

*  Fayload,  normol 

*  TgwM-Afi  Ryn 

*  Balanced  fi*i«j  Lartgth 

*  Cruls*  Attitude 

*  Excellent  Mono*uvr*obillty 

*  Gofld  Rat*  of  Climb _ 

>=  330  kt« 

>  2000  km 

>  4000  km 
»=  6000  kg 

<  2300  ft 

<  4000  tl 

23000  ft 

QBMrtfAmarwans: 

•  Haight 

Length 

Width  (Floor) 

•  Low  Floor  H*lght 

•  R*or  Loading  Ramp 

•  lnt*grqt*d  Cron*  System 

2.90  m 

10.00  m 

3.30  m 

Qmb: 

•  00C  comparabl*  to  Civil  Ai*croft 

*  Transport  of  Mobil*  Unit 

-  Truck  (Unlmog  2  t) 

-  Standardized  Mobil.  Cabin  (2.9/2.05/  1.83  m) 

-  4  Parsons  for  Mobil*  Unit 

*  Transport  of  4  Container  Type  IGLU  (2.23/2.74/1.80  m) 

*  Transport  of  56  fully  *qulpp*d  Troops 


Pig.  27:  Advanced  medium  transport  aircraft 
-  possible  task8/requi rement a  - 


MAIN  DATA 

: 

WING  4 REA  . 

M? 

60 

MAX.  TOW  . 

KG 

21 

000 

MAX .  PAYLOAD  .... 

KC 

6 

000 

ENGINE  . SHP 

CLASS 

4 

OOO 

take-off  RUN  _ 

FT 

2 

?30 

BEL  . 

FT 

3 

& 

o 

o 

MAX.  CRUISE  SPEED 

KTAo 

350 

MAX.  RANGE  . 

AT  MAX.  CRUISE  SPEED 
AND  MAX.  PAYLOAD 

KM 

2 

roo 

Fig.  29:  Advanced  medium  transport  aircraft 
--  three  side  view  with  main  data  - 


L.nglh  (ft]  31.  t  (••) 

31.7 

45.4 

28 

Width  [ftl  6.5 

8.9 

8.4 

a  ( 

Htlght  (ft|  6.5 

Floor 

6.2 

6.3 

7. 

Arso  iSqftl  NA. 

245.7 

333.7 

N./ 

Romorit;  Cobin  Lwgth  oxcluding  Flight  Dock  and  Romp 
(•):  Floor  Width 
(**):  Including  Romp 


Fig.  34:  Advanced  asdiua  transport  sire 
-  comparisons  of  cron-iectior 
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■'""Military  tanker  aircraft  are  being  increasingly  produced  by  the  conversion 
of  civil  airliners-  Civil  and  military  aircraft  are  designed  to  different 
philosophies  and  operated  in  different  ways,  the  civil  operation  being  predictable, 
the  military  leaa  so.  This  papsr  draws  attention  to  these  different  philosophies, 
discusses  the  problems  arising  from  typical  civil  aircraft  conversions  and  euggeats 
how  future  conversions  can  benefit  from  the  lessons  of  the  past. 


1 .  INTRODUCTION 

Military  tanker  aircraft,  with  their  ability  to  act  as  force  multipliers  are 
becoming  increasingly  important  even  to  email  airforces.  However  with  the  exception 
of  the  USAF  the  quantities  of  tankers  requirod  do  not  normally  juatify  production  of  a 
specialist  design.  This  results  in  tankers  being  produced  by  modification  of  existing 
aircraft,  initially  these  were  derivatives  of  bombers,  the  conversion  of  which  was 
regarded  as  a  role  change  albeit  a  significant  one,  however  with  the  demise  of  this 
type  from  most  of  the  world's  airforces  the  emphasis  has  shifted  to  the  conversion  of 
commercial  airliners.  These  offer  certain  advantages,  mainly  their  ready  availability 
worldwide  without  political  strings  attached  and  the  wide  variety  of  sixes  and  types. 

The  UK  requirement  for  tankers  in  recent  years  has  resulted  in  the  conversion  of 
two  civil  airliners  is  VCIO  and  TriStar.  In  the  USA  the  KC-10  has  been  produced  as  a 
new  build  derivative  of  the  DC10  and  aa  such  is  not  a  conversion,  in  addition  there 
are  an  increasing  number  of  Boeing  707  conversions  although  most  of  this  work  is 
undertaken  outaidj  the  USA. 

The  extent  of  the  conversion  depends  on  the  type  of  receiver  operated  by  the 
customer.  If  only  probe  equipped  fighter  type  receivers  are  to  be  refuelled,  the 
relatively  simple  task  of  fitting  wing  pods  may  be  all  that  ie  required;  however  if 
large  receivers  or  receptacle  equipped  fighters  are  operated  then  the  conversion  will 
require  the  addition  of  a  centreline  refuelling  station  or  a  flying  boom  system. 

The  range  of  Royal  Airforce  rejeivers  covers  all  the  operational  types  in  the 
inventory,  therefore  the  selected  tanker  must  be  capable  of  refuelling  such  diverse 
aircraft  types  as  ths  Tornado,  Hercules  and  TriStar.  The  scope  of  the  UK  conversions 
is  therefore  quite  extensive,  however  since  all  tha  receiver  types  are  probe  equipped 
it  ie  only  necessary  to  fit  hose  reel  units. 

2.  TANKER  REQUIREMENTS 


The  selection  of  e  suitable  civil  airliner  for  conversion  to  a  tanker  depends  on 
the  specific  requirements  of  the  cuctomeri 

What  type  of  refuelling  equipment  is  fitted  to  the  receiver  aircraft?  This  will 
dictate  where  the  refuelling  equipment  can  be  placed  eg  if  the  receiver  is  equipped 
with  a  USAF  type  receptacle,  the  tanker  will  require  a  flying  boom,  which  because  of 
its  else  must  be  mounted  under  the  rear  fuaelage. 

What  else  are  they?  Fighter  else  receiver  aircraft  can  be  refuelled  from  wing 
pods,  if  probe  equipped  and  asauxdng  a  large  enough  tanker,  since  wing/tailplane 
overlap  will  not  be  a  problem.  However  if  the  receiver  is  also  large  then  the 
refuelling  equipment  will  have  to  be  mounted  on  the  centreline. 


What  quantities  of  fuel  are  to  be  offloaded  and  at  what  distanca  from  base?  This 
will  determine  the  tanker's  fuel  capacity  and  hence  weight. 


What  is  the  apeed  range  of  the  receiver  aircraft?  Most  refuellinq  occurs  in  the 
250-300  kn  apeed  range  with  smell  receivers,  which  is  ideally  suited  to  turbo-fan 
powered,  swept  wing  aircraft .  However  the  requirement  to  refuel  prop  driven  transports 
or  helicopters  will  require  a  tanker  with  con(>atible  performance  and  handling 


characteristics . 
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What  1*  the  intended  araa  of  operation?  Thia  will  datarmina  tha  minimum  number  of 

anginas  required  eg  oparation  mainly  ovar  land  may  parmlt  tha  uaa  of  only  two  anginas 

wharaaa  long  duration  flight  far  out  to  aaa  or  battla  damaga  consldarationa  will 
probably  require  mora  than  two  anginaa. 

3.  TANKER  CONFIGURATION 

If  a  tanker  waa  to  ba  dasignad  apaoifloally  for  that  role,  it  would  ba  possible  to 
dafina  its  configuration  from  tha  experience  gainad  in  tasting  tha  praaant  generation 
of  tankers-  The  basic  layout  would  cospriae  a  high  wing  on  which  ara  mounted  tha 

anainea.  together  with  a  high  tail.  Tha  aiaa  of  tha  aircraft  and  the  type  of  refuell¬ 

ing  equipment  would  ba  decided  by  tha  customer,  however  thia  basic  configuration  would 
allow  tha  bast  flexibility  for  fitment. 

The  determination  of  this  basic  configuration  is  mainly  intended  to  minimise  the 
affects  of  tha  tanker  on  tha  receiver  aircraft.  This  can  be  summarised  as  follows i 

The  hiqh  wing  layout  produces  tha  maximum  vertical  separation  between  the  wings  of 
the  tanker  and  receiver  both  in  the  refuelling  position  and  tha  approach  to  it.  This 
would  minimise  the  effects  of  downwash  from  the  tanker  on  the  receiver  and  therefore 
reduce  tha  drag  rise  experienced  during  refuelling. 

Tha  mountinq  of  tha  anginas  on  the  wing  would  minimise  the  afflux  effects  on  the 
receiver  tail  or  poasibly  angina  intakes,  mounting  them  above  tha  wing  would  be  even 
batter,  on  the  negative  side  underwing  anginas  would  restrict  the  positioning  of  anv 
wing  poda.  However  in  reality  mounting  tha  poda  nearer  to  tha  tipe  will  be  required  to 
maintain  adequata  lataral  separation. 

The  high  mounted  tail  allows  maximum  separation  from  a  receiver  refuelling  on  a 
wing  station,  furthermore  it  would  be  less  effected  by  the  "bow  wave"  generated  by  the 
receiver  and  less  of  a  distraction  to  its  pilot. 

Thia  configuration  would  allow  optimum  illumination  of  the  underside  of  the  wing 
from  lights  mounted  low  on  the  fuselage.  In  addition  the  upswept  rear  fuselage 
inherent  in  such  a  design  would  permit  easy  location  of  a  centreline  refuelling 
station,  either  hoae  reel  or  ’lying  boom.  Furthermore  it  would  provide  sufficient  area 
to  allow  for  the  optimum  positioning  of  night  lighting  and  line  up  markings. 

4.  CANDIDATES  FOR  CONVERSION 

The  first  and  second  generation  of  civil  airliners  comprised  several  different 
configurations,  ranging  from  wing  to  fuaelaga  mountad  engines  with  low  or  hiqh  tails. 
From  age  and  availability  considerations  these  are  becoming  less  likely  to  be  eligible 
for  tanker  conversion.  It  is  therefore  necessary  to  look  at  the  third  generation  of 
jet  airlir.ere  ie  1970  onwards,  as  the  most  likely  candidates  for  conversion. 

This  generation  haa  virtually  standardised  on  a  low  wing,  low  tail  configuration 
with  the  engines  mounted  in  underwing  pods*  the  exception  being  the  TriRtar  and  PC10 
with  their  third,  tail  mounted  engine.  The  else  of  these  aircraft  ranging  from  the 
A320  to  the  Boeing  747,  ia  sufficient  to  satisfy  the  requirements  of  most  potential 
customers.  High  by-pass  engines  improve  their  economy  and  hence  increase  the  amount  of 
disposable  fuel  and  furthermore  the  advances  in  modern  wing  desiqn  permit  a  wider  ranqe 
of  speeds  to  be  flown  without  resort  to  the  use  of  high  lift  devices. 

There  ie  also  tha  possibility  of  converting  freighter  aircraft,  indeed  there  are  a 
number  of  C130  tankers  in  service,  however  their  limited  fuel  capacity  and  performance 
preclude  them  from  meeting  some  customer  requirements .  There  are  more  suitable  jet 
powered  freighters  in  service,  however,  they  have  only  been  bought  in  sufficient 
numbers  to  carry  out  the  transport  task.  The  IL-76  remains  in  production  and  could  be 
bought  new,  if  political  considerations  were  resolved,  but  at  greater  cost  than  a 
second  hand  airliner. 

Such  considerations  aa  politics,  coat  and  availability,  therefore  make  the  third 
generation  of  jet  airliners  the  most  likely  candidates  for  tanker  conversions,  what 
are  the  problems? 

5.  DESIGN  AND  CERTIFICATION  PHILOSOPHIES 

Civil  and  military  aircraft  are  designed  to  different  criteria  and  tested 
accordingly.  Tha  civil  aircraft  ie  Intended  to  meet  the  requirements  of  many 
differant  customers  around  the  world*  aa  such  tha  design  requirements  are  specified  not 
by  tha  individual  cuatomara,  sinca  each  only  buys  relatively  small  numbers,  but  by  the 
certification  authority  for  each  carrier,  whose  responsibility  is  to  ensure  the  safe 
carriage  of  the  fare  paying  public;  in  reality  most  countries  accept  the  certification 
requirements  of  the  major  manufacturer's  national  authorities,  eg  USA  FAA  (FAR),  UK  CAA 
(BOAR),  these  ere  now  being  superseded  by  the  Joint  Airworthiness  Requirements  (JAR). 

Military  aircraft  are  designed  to  the  requirements  of  a  specific  customer, 
although  consideration  ia  given  to  broadening  the  appeal  of  the  aircraft  to  improve  its 
export  potential.  These  requirements  usually  comprise  a  definition  of  the  role  of  the 
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aircraft  and  specific  performance  points  to  ba  mat,  toqether  with  a  formal  specifi¬ 
cation,  which  not  only  details  tha  praciaa  daaiqn  requirements ,  but  alao  specifies  tha 
mannar  In  which  the  raqulramanta  will  ba  mat,  eg  "must  comply  to  Mil-F-3R3b3"  (Fuel 
Systams) . 

Some  examplos  of  the  differing  philoaophiee  followt 

(a)  Daaign  -  Tha  civil  aircraft's  basic  design  will  be  in  accordance  with  the  require¬ 
ments  laid  down  by  tha  certification  authorities  of  tho  airline  purchasing  the 
aircraft,  consideration  will  also  t>a  given  to  minor  changes  to  m««t  the  require¬ 
ments  of  that  particular  customer. 

The  military  aircraft  will  be  designed  to  a  specific  requirement,  which  will  be 
followed  up  by  a  detailed  sped f ieation,  it  will  also  have  to  be  dealqned  in 
accordance  with  specified  criteria.  Furthermore  the  customer  will  he  involved  in 
the  Oeslqn  Pevlew  procedure  from  the  outset. 

(b)  Teat  objectives  -  The  civil  aircraft  manufacturer  will  he  required  to  demonstrate 
compliance  with  the  specified  airworthiness  criteria,  either  with  or  without  the 
participation  of  the  certification  authority.  Tha  teat  programme  will  he  onlv 
that  which  la  neceatary  to  cover  those  aspects  demanded  by  tha  authority  and  those 
guaranteed  to  tha  prospective  customers  by  the  manufacturer,  because  he,  after 
all,  is  payinq  for  the  testtnq. 

The  military  aircraft  teat  programme  will  comprise,  manufacturer's  trials  intended 
to  establish  the  basic  flight  envelope,  together  with  compliance  with  the  cardinal 
joints  of  tha  specification,  or  more  detailed  testing,  depending  how  tha  contract 
wae  written.  Tha  aircraft  is  then  handed  over  to  the  customer  who  will  then 
establish  the  limitations  within  which  it  can  be  operated  and  its  fitness  for 
purpose.  A  further  test  programms  may  be  required  to  establish  reliability  and 
maintainability,  under  a  realistic  military  environment. 

(c)  Stability  and  control  -  The  civil  requirement  is  to  demonstrate  compliance  with 
specified  points  defined  within  the  airworthiness  criteria. 

The  military  requirement  is  to  define  the  limits  within  which  stability  is 
acceptable. 

(d)  Performance  -  Tha  commercial  airline  will  require  the  aircraft  to  operate  with  a 
repeatable  and  reliable  performance  throughout  its  service  life.  This  will 
probably  be  specified  in  the  contract  to  purchase  and  the  manufacture  may  incur 
financial  penalties  if  not  met.  The  aircraft  will  be  desiqned  accord  gly. 

The  military  requirement  will  be  to  perform  at  peat  whilst  subjected  to  a  military 
environment,  without  reqard  to  overhaul  life  in  wartime,  whilst  still  expectinq 
reliability.  However  peacetime  operation  will  be  to  a  degraded  performance  level 
to  take  fatigue  life  into  consideration;  the  analogy  can  be  drawn  as  between  the 
road  goinq  and  the  racing  car. 

(e)  Engineering  -  Civil  deslqn  requirements  will  be  to  ensure  safety  to  the  passengers 
at  all  times,  together  with  the  operators  wish  to  keep  operating  costs  to  a 
minimum,  thereby  linking  reliability  with  cost  of  operation. 

The  military  will  require  the  aircraft  to  nerform  reliably  up  to  its  maximum 
limits  with  a  minimum  of  ground  support  equipment,  As  a  result  of  experience  with 
military  aircraft  in  recent  years  qreater  emphasis  is  now  being  placed  on  relia¬ 
bility,  maintainability  and  life  cycle  cost.  Furthermore  there  will  be  additional 
considerations  with  respect  to  battle  damage.  This  latter  aspect  tends  to  be 
random  in  natura,  as  opposed  to  the  predictable  failures  which  are  considered  in 
Failure  Mode  and  Effect  Analyses  which  are  part  of  every  aircraft  design,  both 
civil  and  military. 

(f)  Operation  -  The  civil  aircraft  is  designed  to  fly  as  often  as  possible  in  order  to 
earn  revenue,  whereas  the  military  aircraft  is  only  allowed  to  fly  within  limita¬ 
tions.  These  are  usually  dictated  by  aircrew  cur. ency  and  the  constraints  of  the 
budget,  althouqh  tanker  operations  are  also  decided  by  ‘■he  need  to  support  other 
aircraft. 

These  different  design  and  testing  philosophies  can  produce  problems  when  attempt¬ 
ing  to  clear  a  civil  aircraft  for  military  use.  The  usual  approach  is  to  take  the 
civil  aircraft  aa  the  baseline  and  limit  the  assessment  and  testinq  to  the  changes 
introduced  at  conversion.  The  problem  does  not  occur  in  assessing  the  new  equip¬ 
ment,  which  can  be  handled  in  the  normal  way,  but  in  assessinq  the  basic  aircraft. 
The  problems  occur  in  two  main  areas,  firstly  the  change  of  use  to  which  the 
aircraft  has  bean  subjected;  duty  cycles  and  loads  on  systems  may  have  been 
increased,  it  may  new  operate  in  parte  of  the  flight  envelope  which  as  an  airliner 
It  would  not  have  been  expected  to.  Secondly  the  original  ceitification  proqramme 
will  have  been  conducted  to  demonstrate  compliance  with  civil  criteria  which  are 
no  longer  relevant  to  tha  future  operation  of  the  aircraft.  Clearlv  it  may  be 
poesible  to  derive  some  information  from  the  original  data  obtained  in  the 
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certification  tasting,  however  this  is  not  always  easy,  often  the  testing  would 
have  been  conducted  several  years  before  by  a  manufacturer  Who  haa  not  been 
contracted  to  undertake  the  conversion  and  therefore  has  no  obligation  to  provide 
this  data,  or  the  data  is  available  but  requires  interpretation  by  the  individuals 
involved  at  the  time,  who  have  long  since  retired. 

6.  CONVERSION  OP  THE  VC10  AND  THI8TAR  TO  TANKERS 

These  two  aircraft  will  be  used  as  examples  of  conversions  since  they  represent 
two  distinct  generations  and  two  fundamentally  different  configurations.  The  UK 
requirement  that  all  tankers  be  capable  of  being  refuelled  in  flight  resulted  in  both 
having  a  probe  fitted.  The  ohangaa  Introduced  to  each  type  can  be  broken  down  into 
systems  as  follows i 

(a)  Structure  -  The  VC10  in  both  Standard  and  Super  variants  ware  converted  into  3 
point  tankers  (ie  2  wing  and  1  centrelins  refuelling  stations)  as  the  K  Hit  2  ar.d 
k  Mk  3  respectively.  Two  significant  structural  changes  were  Introduced,  the 
first  was  to  out  away  the  underside  of  the  rear  fuselage  in  order  to  accommodate 
a  Mk  17B  Hose  Drum  Unit  (HDUt ,  since  this  removed  a  section  of  the  pressure  hull 
the  walls  and  roof  of  the  HDU  bay  were  stressed  to  act  as  pressure  bulkheads.  The 
second  change  was  the  Installation  of  extra  fuel  tanks  in  what  was  the  passenger 
cabin,  these  tanks  had  to  be  stressed  to  withstand  the  9  g  crashlanding  criteria. 

The  TriStar  conversion  took  as  its  basis  ths  -500  series  aircraft,  this  being  the 
long  range  version,  contained  the  largest  fuel  capacity  and  waa  certified  to 
operate  at  the  highest  weights  of  any  of  the  TriStar  family.  The  centreline 
refuelling  station  comprised  2  Mk  17T  HDUa,  the  second  was  provided  for 
redundancy.  This  requirement  was  driven  by  the  distance  the  aircraft  would 
operate  from  base  which.  In  the  avent  of  an  HDU  unaervlceability,  would  preclude 
the  quick  substitution  of  another  tanker,  should  one  exist,  together  with  the  lack 
of  wing  pods.  The  HDUs  were  mounted  further  inside  the  rear  fuselage  than  in  the 
VC10,  however  the  exit  tunnels  for  the  hoae  still  penetrated  the  pressure  bull  and 
therefore  required  the  construction  of  a  pressure  box  to  contain  the  HDUs. 
Additional  fuel  tanks  were  mounted  in  the  cargo  bay,  which  still  allowed  the 
carriage  of  passengers. 

(b)  Fuel  system  -  Tne  VC10  fuel  system  comprised  tanks  1-4  in  the  wings  and  a  centre 
section  tank  containing  65000  kq  of  fuel,  the  provision  of  a  fin  tank  in  the  super 
VC10  Increased  this  to  70400  kg.  The  wing  tanka  supplied  fuel  to  the  engines  snd 
were  replenished  in  turn  from  the  centre  tank.  The  fuselage  tanks  added  at 
converalon,  gravity  fed  the  centre  tank  and  increased  capacity  by  12000  kg.  The 
gallery  used  to  transfer  fuel  to  the  winq  tanks  was  extended  outboard  to  feed  the 
refuelling  pode  and  rearwards  to  the  centreline  HDU.  Additional  fuel  pumps  were 
Installed  to  cover  the  requirement  to  be  able  to  dispense  fuel  as  well  as  feed  the 
engines. 

The  TriStar  fuel  system  was  similarly  modified  increasing  capacity  from  96550  kg 
to  141225  kg,  albeit  also  Increasing  maximum  weight  to  245000  kq.  The  extra 
fuselage  tanks  Incorporated  fi  fuel  pumps  of  a  similar  type  to  those  in  the  wing 
tanka.  Both  these  modified  systems  allowed  ready  transfer  of  fuel  between  tanks 
and  each  also  incorporated  a  supply  pipe  from  the  nose  mounted  refuelling  probe. 

(c)  Hydraulic  system  -  No  modification  to  the  VC10  hydraulic  aystom  was  required  since 
the  refuelling  equipment  introduced  comprised  electrically  or  pneumatically  driven 
pumps . 

The  TriStar  however  used  hydraulic  pumps  to  dispense  fuel  when  high  flowrates  were 
required.  Three  pumps  were  installed,  however  an  interlock  ensured  that  only  two 
could  be  used  simultaneously.  At  times  of  high  demand  eg  undercarriage  retraction 
or  high  rate  refuelling,  when  the  capacity  of  the  engine  driven  pumps  waa 
exceeded,  air  turbine  powered  pumps  supplied  by  engine  bleed  air,  were  used  to 
supplement  the  normal  sources. 

(d)  Electrical  system  -  The  addition  of  extra  fuel  pumps,  together  with  the  refuelling 
hose  rewind  motor  (Mk  17  HDU  only)  were  driven  by  the  aircraft  electrial  system, 
in  both  aircraft. 

(e)  Powerplants  -  No  change  in  the  engines  was  required  for  the  tanker  role. 

(f)  Undercarriage  and  tyres  -  The  converaion  to  the  tanker  required  no  design  changes 
aa  such,  other  than  those  associated  with  an  increase  in  maximum  weight. 

(g)  Avionics  -  The  change  from  civil  to  military  use  required  the  fitment  of  military 
avionics  eg  UHF,  Tacan,  OMEGA,  and  eventually  RWR  and  JTIDS.  In  addition  the 
ability  to  see  behind  and  to  the  side  of  the  tanker  resulted  in  the  fitment  of  a 
closed  circuit  television  monitored  by  the  Flight  Engineer. 
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7.  PROBLEMS  ASSOCIATED  WITH  THE  CONVERSIONS 

(a)  Airframe  -  The  problems  occurred  in  two  main  areas;  firstly  the  installation  of 
additional  fuel  tanka;  tha  fact  that  tha  fual  was  contained  in  its  own  discrate 
tanks  locatad  within  tha  fuselage  meant  that  tha  static  and  dynamic  loads  from 
this  mass  of  fual,  was  raactad  at  tha  fuselage  mountings.  This  resulted  in  the 
introduction  of  "point"  loads  to  the  structure  and  required  localised  strengthen¬ 
ing,  in  tha  form  of  doubler  or  even  tripler  plates.  In  tha  civil  role  the  load, 
whether  passengers  or  cargo,  is  evenly  distributed  within  the  fuselage.  The 
second  problem  was  experienced  with  the  TriStar,  where  differences  with  build  were 
found  between  nominally  identical  airframes.  This  made  it  difficult  to  produce  a 
jig  for  tha  airframe  modifications  Which  could  be  used  on  all  aircraft. 

(b)  Fual  system  -  The  ability  to  move  fuel  at  high  rates  and  hence  velocity  during 
refuelling,  resulted  in  tha  generation  of  high  surge  pressures.  This  was  true 
whether  the  aircraft  was  acting  as  a  receiver  or  tanker.  Most  aircraft  have  their 
fuel  systems  divided  into  a  series  of  discrete  tanks,  which  individually  can  only 
accept  relatively  low  fuel  flows  into  them,  this  normally  results  in  only  small 
step  decrements  in  flow  as  the  tanka  fill  to  full,  thereby  minimising  surge 
pressures.  Tha  TriStar  however,  is  an  exception  to  this,  which  is  probably  also 
true  for  other  aircraft  similar  in  site  or  larger,  where  high  flow  rates  are 
required  into  each  tank  to  keep  ground  refuelling  time  acceptable.  The  problem 
could  have  been  overcome  in  any  of  three  ways:  (a)  strengthen  the  fuel  pipes  to 
accept  the  surge  pressures,  (b)  use  slow  closing  refuelling  valves,  this  may  not 
work  because  at  some  point  during  the  closing  sequence  the  flow  through  the  valve 
wi.'l  effectively  "choke"  and  cease  even  though  the  valve  is  not  physically  closed, 

(c)  L-istrict  the  flow  prior  to  tank  shut  off,  this  was  only  necessary  when  the 
final  tank  was  filling,  because  otherwise  there  would  always  be  flow  into  another 
tank  and  hence  an  "escape  route”  to  dissipate  any  surge.  This  could  be  accom¬ 
plished  by  the  tanker  reducing  flow  or  the  receiver  dropping  back  thereby  closing 
the  tanker  refuel  valve  and  tripping  off  the  high  pressure  refuelling  pumps, 
before  restoring  flow  and  topping  off  on  the  boost  pumps.  The  latter  solution  was 
favoured  since  it  involved  no  modifications  and  hence  incurred  no  extra  cost. 

Tho  carriage  of  fuel  within  the  fuselage  pressure  shell,  together  with  the 
requirement  to  vent  the  tanks  to  atmosphere,  meant  that  the  tanks  had  to  be  able 
to  withstand  tha  cabin  differential  pressure.  This  resulted  ir  the  use  of  bladder 
tanks  contained  within  their  own  pressure  shell.  The  resulting  ethod  of 
construction  incurred  a  considerable  maintenance  penalty. 

(c)  Hydraulic  system  -  Using  the  hydraulic  system  to  drive  the  refuelling  pumps  on  the 
TriStar,  placed  an  increased  demand  on  the  engine  driven  pumps.  This  could  result 
in  the  supplementary  air  turbine  driven  pumps  being  used.  The  maintenance  policy 
for  these  units  initially  aasumed  a  safe  design  life,  which  in  airline  service, 
where  the  units  experience  a  predictable  number  of  cycles,  the  inspection  time 
could  be  anticipated.  However  in  military  use,  where  it  is  not  possible  to 
predict  the  number  of  cycles,  a  different  maintenance  policy  would  have  to  be 
introduced. 


(d)  Electrical  system  -  The  addition  of  extra  fuel  pumps,  together  with  the  refuelling 
hose  rewind  motor  (Mk  17  HDU  only)  resulted  in  increased  loads  on  the  electrical 
system.  Whilst  the  overall  load  was  not  significantly  increased,  the  type  of  load 
was  changed;  the  principal  source  of  electrical  loads  on  the  civil  airliner  were 
the  galleys,  these  produced  mainly  resistive  loads,  whereas  the  tanker  systems 
required  electric  motors,  either  to  drive  fuel  pumps  or  rewind  hoses,  these  loads 
were  reactive  in  nature  with  varying  power  factors. 

(e)  Powerplant  -  Civil  operation  of  the  engines  results  in  predictable  duty  cycles  and 
smooth  handling,  which  dictates  the  overhaul  life.  In  the  tanker  role,  for 
receiver  aircraft  considerations  it  was  sometimes  necessary  to  operate  the  TriStar 
with  the  centre  engine  at  idle.  This  not  only  increased  the  oil  consumption,  due 
to  the  lower  air  pressure  on  the  seals,  but  also  degraded  the  performance  of 
engine  driven  systems  sg  hydraulic  pumps  and  anti  icing  bleed  air.  Operating  tl.i 
tanker  as  a  receiver,  which  required  continual  throttle  movement,  in  order  to 
change  or  maintain  position  astern  the  tanker,  resulted  in  a  completely  different 
duty  cycle.  Furthermore  operating  the  engines  in  the  airflow  astern  the  tanker, 
at  the  increased  power  settings  necessary,  could  produce  other  problems.  In  the 
case  of  the  VC10  pop  surges  were  experienced,  in  the  TriStar,  l-irge  increases  in 
vibration  and  TGT  could  occur.  These  effects  will  be  detrimental  to  the  overhaul 
life  of  the  engine. 

(f) 


i 


Undercarriage  and  tyrea  -  The  VC10  tanker  conversion  did  not  increase  the  weiqht 
from  that  previously  certificated,  therefore  no  modification  to  the  undercarriage 
waa  required.  The  TriStar  however  increased  the  maximum  weight  from  228000  kq  to 
245000  kg,  whilst  this  remained  within  the  structural  limiti  for  the  undercarriage 
it  did  require  an  increase  in  tyre  pressure,  furthermore  tha  nose  tyres  were 
replaced  by  ones  of  a  higher  ply  rating.  Due  to  the  lack  of  informa  ion  on  the 
effect  of  increased  tyre  loads  on  acceptable  taxy  distances,  tests  were  conducted 


I 
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to  •■tabliah  tyre  temperature*,  thia  resulted  in  oparating  limit*  baing  applic. 
On*  further  difference  batvaan  civil  and  military  uaa,  ia  tha  raquiramant  for  tbe 
aircraft  to  remain  fully  loadad  on  atandby  for  prolonged  parioda  and  than  become 
operational  without  recourae  to  additional  malntsnance.  Thia  heavyweight  atandby 
could  be  detrimental  to  tha  undercarriage,  in  that  tha  olaoa  could  loaa  preaaure, 
or  Where  not  fitted  with  aaparator  platona  tha  gaa  could  diaaolve  in  the  oil, 
thereby  reducing  olao  extension;  tha  tyraa  will  alao  tend  to  form  flat  upots, 
requiring  periodic  rotation. 

(g)  Avionic*  -  Installation  of  military  avionics  caused  problems.  The  UHF  radios 

introduced  to  tha  Tristar  were  not  compatible  with  the  coiranercial  headaata  in  use 
and  required  a  change  of  headaet,  thia  was  also  beneficial  in  that  the  better 
acoustic  protection  provided,  helped  counter  the  increased  noise  levels  generated 
by  the  addition  of  the  refuelling  above  the  fliqhtdeok.  Positioning  of  the 
additional  avionics  to  achieve  optimum  performance  on  the  Tristar  resulted  in 
excessive  lengths  of  feeder  cable,  which  had  a  detrimental  effect  on  siqnal 
strength.  The  closed  circuit  television  camera  was  positioned  below  the  rear 
fuselage  to  provide  the  nsc.  asary  field  of  view,  with  the  monitor  located  on  the 
flight  deck,  therefore  requiring  long  feeder  cables.  The  result  was  considerable 
electrical  interference}  the  cables  therefore  had  to  be  screened  and  carefully 
routed  to  avoid  such  things  as  the  cabin  fluorescent  lighting. 

8.  WHAT  ARE  THE  LESSONS  FOR  THE  FUTURE? 

All  aircraft  design  is  a  compromise,  the  tanker,  which  is  usually  a  conversion 
from  an  aircraft  optimised  for  another  purpose,  is  therefore  more  of  a  compromise  than 
most. 


Do  not  assume  that  any  civil  aircraft  of  tha  right  size,  or  that  is  readily 
available,  will  make  an  acceptable  tanker.  The  trend  to  two  crew  operation  may  not  be 
compatible  with  tha  craw  raquiramenta  of  a  tanker.  The  lack  of  a  dedicated  navigator 
on  the  TriStar  increased  the  workload  of  the  pilots.  In  airline  service,  operating 
known  and  predictable  routes,  using  advanced  flight  navigation  systems  this  is 
acceptable.  Whereas  in  the  tanker  role,  in  what  may  be  a  constantly  changing 
situation,  whilst  trying  to  control  a  formation  and  fly  the  aircraft,  thia  can  become 
unacceptable.  Tha  loss  of  tha  flight  enginaar  from  tha  latest  generation  of  airliners, 
will  cause  a  major  problem  for  future  convereions.  Since  during  refuelling  operatione 
it  is  the  flight  engineer  who  undertakes  the  task  of  transferring  the  fuel,  mainteining 
tha  centre  of  gravity,  monitoring  the  systems  and  keeping  an  eye  on  the  aircraft 
astern.  To  transfer  these  tasks  to  the  pilots  will  not  only  give  them  an  excessive 
workload,  hut  alao,  considering  the  conTiner  of  the  fJightdeck,  may  require  a 
considerable  redesign  to  enable  them  to  do  it. 

Select  the  worst  receiver  type  and  fly  it  in  a  representative  refuelling  position 
bshind  the  candidate  tanker,  to  see  if  there  are  any  insurmountable  problems. 

If  possible  in  a  wind  tunnel,  check  how  the  refuelling  equipment  behaves  behind 
the  tanker. 

Study  tre  aircraft  systems  to  determine  whether  their  loads  and  duty  cycles  have 
baen  effected  by  the  change  of  role. 

Consider  the  design  and  certification  philosophy  of  the  original  aircraft  and 
establish  whether  it  is  compatible  with  its  new  role.  Extra  trials  to  cover  areas  not 
required  for  civil  certification,  will  prove  both  time  consuming  and  expensive. 

Consider  before  selecting  the  lowest  bidder,  the  experience  acquired  by  the 
original  manufacturer  and  tha  availability  of  design  and  certification  data  on  the 
type. 


Last  but  not  least  rsview  the  requirements  and  place  them  in  an  order  of  priority 
eg  essential.-  highly  desirable  and  desirable,  since  this  will  have  a  considerable 
influence  on  inevitable  compromises  that  will  have  to  be  made  in  selection,  design, 
conversion  and  testing. 
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C  160-TRANSALL  LIFETIME  EXTENSION 


AD-P006  259 


Hartaut  Grim,  Diptom-Ingeoieur 
Deutsche  Airbus  GmbH 
AbteihingTE  17/E  03 
Postfsch  107845 
D-2800  Brqnen  1 
Germany 


1.  Introduction  to  the  C  160-Transall  programme 

*  The  C  160-Transall  was  initiated  by  the  French-Germar  Transporter  Allianz  Consor¬ 
tium  in  the  late  50ies.  The  aircraft  was  developed  and  produced  to  specifications  of 
the  French  and  German  Airforces.  The- main  characteristics -of-the  aircraft  are  shown  c. 
in  figure  1  to  4.  The  aircraft  was  built  in  a  partnership  according  to  fiy$  with  VFW- 
Fokker  later  merging  into  the  transport  division  of  MBB,  which  recently  was  set  up  on 
its  own  as  Deutsche  Airbus  GmbH  (DA)  in  the  course  of  the  MBB  and  Daimler  Benz 
merger. 


DA  and  Aerospatiale  are  again  partners  in  the  EUROFLAG  consortium  (European 
Future  Large  Aircraft  Group)  which  was  constituted  with  British  Aerospace,  Airitalia 
and  Casa  as  further  partners  to  manage  the  future  larpe  aircraft  programme,  the 

H, 

The  cnronology  of  the  main  TratiSall  events  is  shown  in  fig.  6.  160  aircraft  were  built 
in  a  first  series  and  went  into  operation  with  German  Airforce  (90),  French  Airforce 
(50),  and  Turkish  Airforce  (20).  In  a  second  series  initiated  by  the  French  government 
another  35  aircraft  were  produced,  6  for  the  Indonesian  Pelita  Company  and  29  air- 
to-air  refuellable  versions  for  the  French  Airforce  with  10  tankers  and  6  versions  for 
special  military  intelligence  missions  included  (see  fig.  7).  The  product  support  of  the 
German,  Turkish  and  Indonesian  aircraft  has  been  carried  out  under  German  leader¬ 
ship  in  close  cooperation  between  government  authorities  and  industries.  Therefore  the 
following  remarks  refer  to  these  aircraft  only. 


112  of  originally  116  German,  Turkish  and  Indonesian  aircraft  are  still  in  operation, 
most  of  them  being  near  to  the  end  of  their  certified  life,  which  originally  was  calcul¬ 
ated  to  5,000  flights  of  about  2  hours  each  within  20  to  25  years.  The  average  age  of 
the  aircraft  is  between  4,000  and  5,000  flights  of  about  1 .2  hours  each  now.  The  struc¬ 
tural  life  time  reserve,  the  relatively  good  conditions  of  the  aircraft  and  budget 
problems  caused  the  German  MoD  authorities  to  extend  the  C  160  operation  by 
another  20  years  with  a  total  of  12,000  flights  of  about  1.22  hours  each  until  about 
2010.  This  decision  was  taken,  well  aware  of  increasing  difficulties  to  maintain 
product  support  for  systems  and  equipment  of  1960-technology  standard,  some  of 
which  will  have  to  be  replaced. 


The  French  MoD  had  already  decided  independently  in  a  similar  way  at  an  earlier 
time. 


1 
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2.  Procedure  fcr  life  time  extension 

The  measures  for  life  time  extension  have  to  cover 


o 

o 

o 

o 


8 


aircraft  structure  and  systems  fatigue,  wear  and  corrosion, 
systems  maintainability  and  supportability 

adaptations  to  new  operational  requirements  and  modern  standards  (where 
really  required), 

maintenance  and  update  of  programme  data  basis,  documentation,  software. 


procedures,  etc. 
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The  following  steps  have  been  decided: 


I.  Regarding  Structure: 

1  Inspect  the  structure  of  exemplary  aircraft  paying  special  attention  to 
heavily  stressed  components  in  order  to  find  out  kind  and  degree  of 
damages  and  the  priority  of  measures  to  be  taken. 

1  Define  and  carry  out  structural  ground  tests  with  the  still  existing 
static/dynamic  test  aircraft  taking  into  account  stress  cycles  derived 
from  actual  operations  and  artificially  introducing  initial  damaging 
(i.  e.  cracks)  at  particularly  endangered  places  in  order  to  find  out 
damage  behaviour  and  crack  propagation. 

*  Equip  one  aircraft  with  strain  gauges  and  MSR  (mechanical  strain 
recorder)  to  determine  load  transfer  functions  of  critical  aircraft 
components. 

*  Define  and  carry  out  an  inspection  programme  for  3  exemplary  aircraft 
especially  regarding  those  parts  of  the  aircraft  which  have  ngl  been 
subject  to  periodic  maintenance  procedures  such  as  HPO  (Hourly  Post 
Inspection,  after  prefixed  flight  hour  cycles),  PE  (Egriodical  Inspection, 
36  month  cycle),  DI  (fiepot  Inspection)  to  assess 

corrosion, 

wear, 

fatigue, 

friction,  backlash  of  movable  parts, 
surface  protection. 

5  Analyse  results  from  1  to  4  and  define  measures 

to  eliminate  deficiencies, 
to  take  preventive  actions 

and  assess  viability  and  efficiency  of  these  measures  by  tests. 

6  Derive  actual  stress  cycles  from  operational  and  test  experience  and 
apply  these  stress  cycles  to  the  aircraft  structure  with  the  modifications 
according  to  5;  calculate  extended  life  time  of  the  modified  aircraft.  If 
the  result  does  not  satisfy  the  requirement  of  12,000  h  life  time,  define 
measures  for  those  parts  of  the  structure  which  do  not  satisfy  the 
requirement. 

7  Carry  out  all  measures  defined  under  5  on  all  seiies  aircraft. 


II.  Regarding  Systems 

1  Analyse  systems  with  respect  to 

o  maintenance  cost  increase  of  existing  systems  during  the  next 
two  decades  compared  with  replacement  by  new  systems, 
o  system  corrosion  and  wear, 

o  systems  adaptations  required  by  functional  and  operational 

reasons, 

o  systems  alternatives. 

*  Define  measures  for  systems  repair. 


22-3 


Define  measures  for  systems  repair. 

Decide  system  modifications  and  replacements  and  initiate  equipment 
procurement,  integration,  test  and  certification  with  one  exemplary 
aircraft. 

Carry  out  all  modifications  on  all  series  aircraft 


3. 

3.1 


The  selected  spots  of  heavily  stressed  components  predominantly  referred  to  special 
rivet  holes.  Damages  could  be  put  down  to  manufacturing  deficiencies  instead  of  aging 
effects. 


The  wing  proved  to  be  the  weakest  structural  part,  i.  e.  best  designed  to  life,  especially 

o  the  station  1 560  (near  wing/fuselagc  connection)  does  not  withstand  more  than 
about  5100  flights. 


o  two  stations  at  the  outer  wing  are  endangered  as  well, 
o  reinforcements  at  station  1560  cause  increased  stress  at  stations  1910. 


Different  rivet  hole  expansion  methods  have  been  analysed  and  tested  with  test 
specimens  specially  prepared  to  conditions  derived  from  C  160  manufacturing  proce¬ 
dures  and  aging  peculiarities.  The  achievable  degree  of  strainhardening  and  associated 
life  time  extension  could  be  demonstrated  to  be  more  than  a  factor  of  two  in  each 
case. 


A  thorough  inspection  programme  covering  more  than  1,000  examination  items  in 
these  parts  of  the  aircraft  which  had  not  been  subject  to  periodical  inspections  (HPO, 
PE,  Dl)  was  carried  out  with  3  aircraft  concerning  structure  and  systems  installations 
(equipment  itself  excluded)  as  shown  in  the  following  table: 


Airframe 

Flight  control  system 

Undercarriage 

Engine-related  installations 

Electrical  System 

Instruments 

Environmental  Control 

Hydraulics 

Lights 

Fuel  system 

Fire  warning  and  extinguishing  systems 


40% 
25  % 
5% 
5  % 
5% 


20  % 


The  areas  of  increased  corrosion  as  found  during  the  inspection  programme  can  be 
seen  from  fig.  8 
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3.2  R«ulting  mniurci 

The  measures  derived  from  the  above  results  are  listed  below: 

Reinforcement  and  strainhardenint  of  important  parts  of  the  wing  structure 
(see  fig.  9); 

a  number  of  immediate  repairs  to  prevent  further  damage  progress  such  as 

o  exchange/replacement  of  different  mounts  and  joints, 

o  elimination  of  corrosion  and  improvement  of  surface  protection  in  hot 
air  areas  and  battery  compartment, 
o  cavity  sealing; 

other  repairs  to  be  carried  out  at  next  depot  inspection  mainly  concerning 
corrosion  elimination  and  prevention; 

some  minor  design  changes; 

total  replacement  of  the  electric  wiring  incl.  connections; 

adaptation  of  maintenance  and  inspection  programmes  for  the  future, 

determination  of  remaining  structure  life  by 

o  evaluation  of  strain  gauge,  MSR  and  other  test  results, 

o  adaptation  of  stress  cycles, 

o  analysis  and  certification  of  fatigue  strength  of  the  modified  aircraft 
with  accumulated  damaging. 


4.  Systems  modifications  and  renlacements 

4.1  Naviaation  system 

Due  to  new  tactical  requirements  and  a  deteriorating  product  support  situation,  the 
navigation  system  is  being  replaced  by  a  modern  but  proven  technology  system.  This 
means  the  removal  of  the  main  navigation  system  components  such  as 

the  analogue  navigation  computer, 
the  Doppler  system, 
the  gyro  reference, 
the  LORAN  C. 

At  the  same  time  the  control  units  for  VHF-Comm./Nav.,  TACAN  and  HF  will  be 
removed  and  replaced  by  a  central  control  concept. 

The  new  system  for  which  Rockwell  Collins  was  selected  as  main  supplier  is  described 
by  its  block  diagram  (fig.  10),  its  main  features  are 

autonomous  navigation  capability  by  high  precision  Laser  inertial  Navigation 
System  (LINS), 

navigation  update  by  GPS  to  reduce  long-term  navigation  errors  to  less  than 
500  m, 

digital  control  and  display  units  for  centralised  navigation  and  radio  manage¬ 
ment. 
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improved  display  capability  by  electronic  horizontal  situation  indication, 

enhanced  failure  survival  capability  by  using  the  autopilot  AHRS  as  heading 
sensor  back-up, 

improved  operational  capability  by  introduction  of  mission  data  entry  and 
computer  aid  for  map  display,  cargo  release,  take  off  and  landing  data  etc. 

improved  system  integrity,  reliability,  testability  and  growth  potential  (MLS, 
NIS  etc.)  by  application  of  MIL  -Std.  1553  B. 

The  new  navigation  system  results  in  major  changes  to  the  cockpit  panels  lay-out, 
especially  referring  to  the  central  pedestal  (see  Fig.  11).  The  navigator  place  is  dedica¬ 
ted  to  special  tactical  mission  tasks  and  may  be  deleted  for  normal  ICAO  flights. 

4.2  Autopilot/Fliaht  Director  System 

The  increase  of  costs  for  product  support  and  of  reaction  times  in  cases  of  complaints 
and  the  decreasing  reliability  of  components  forced  the  aircraft  owner  to  replace  the 
initial  autopilot  system  by  a  modern  standard  system.  The  new  system  is  described  by 
the  block  diagram  (fig.  11).  The  main  features  of  this  system  for  which  Honeywell 
Sperry  are  selected  as  main  supplier,  are 

redundancy  by  duplicating  autopilot/flight  director  computers  (one  active,  the 
other  in  stand-by)  and  making  additional  use  of  navigation  sensor  sources, 

an  improved  and  extended  mode  concept, 

incre"'  1  sensor  reference  precision  and  actuators  with  increased  power  and 
dynn.  -s  both  resulting  in  improved  flying  qualities, 

reduced  failure  monitoring  thresholds  resulting  in  improved  failure  behaviour, 

improved  maintainability  and  reliability  resulting  in  reduced  costs  and 
improved  availability. 

4.3  Wiring.8Y5.tcm 

Most  of  the  wiring  in  the  cockpit  and  front  part  of  the  fuselage  has  to  be  redesigned 
as  a  consequence  ot  navigation  and  autopilot  systems  replacements.  Taking  into 
account  *'’*■  ■  isior  ditlons  of  all  wirings  and  connectors  especially  in  the  non- 

pressurisc.  ^arts  o'  .ne  aircraft  and  the  adverse  effects  of  opening  up  and  re-arran¬ 
ging  aged  wiring  bundles,  it  has  been  decided  to  remove  and  replace  the  whole  electric 
wiring  system  including  all  connectors  with  the  exception  of  the  high-power  distribu¬ 
tion  wires. 

4.4  Exchange  of  existing  ai  troduction  of  new  avionic  subsystems 

To  ensure  maintainability  at  reasonable  costs  for  the  future  the  following  subsystems 
have  been  replaced  by  modern  standard  subsystems 

Weather  radar  transmitter/receiver. 

Radio  altimeter  including  antenna  positioning, 

HF-transmitter/receiver  subsystem. 

Due  to  operational  requirements,  a  SELCAL-  and  a  Data  Telecommunication  capabili¬ 
ty  has  been  integrated. 


With  tha  aircraft  lift  tine  of  more  than  40  yean,  problama  with  ret  pact  to  programme 
handling  trite  and  have  to  be  solved.  This  may  be  demonstrated  by  the  following 
examples: 

o  The  original  aircraft  development  did  not  make  use  of  any  computer  aid.  So 
design,  manufacturing,  analysis,  documentation  etc.  were  done  manually.  In 
the  mean  daw,  computer  aid  has  become  general  standard  and  engineers  have 
lost  their  skills  in  annual  procedures.  So  a  reasonable  degree  of  change  to 
computer  aid  has  to  be  provided  (and  paid  for)  to  ensure  product  support  in  a 
responsive  and  correct  manner. 

o  Drawings,  part  lists,  certification  reports,  engineering  documentation  etc.  are 
subject  to  a  natural  aging  process  with  respect  to 

physical  constitution  (readability,  reproduceability), 
obsolete  contents  (e.  g.  material  not  longer  in  use  or  deliverable). 

Hence  increased  effort  for  restauration  and  continuous  maintenance  has  to  be 
expended. 

o  Especially  regarding  engineering  background,  the  personal  experience  of  those 
who  developed,  tested,  certified  and  maintained  the  aircraft  and  its  compo¬ 
nents  is  extremely  helpful  for  any  later  trouble  shooting.  After  30  years  none 
of  those  who  gained  the  know-how  in  the  early  phases  of  the  programme  is 
still  available.  So  some  sort  of  know-how  safeguarding  and  transfer  has  to  be 
organised. 

Problems  of  this  kind  have  been  permanently  discussed  between  users,  certification 
authorities,  government  maintenance  responsables,  industry,  etc.  with  the  result  of 
systematic  analysis  and  implementation  of  all  required  actions.  This  is  still  in  progress. 


Hmt  schedule 

Is  is  obvious  that  only  certain  aspects  of  life  time  extension  require  immediate  action 
or  strict  time  discipline.  So  the  major  portion  of  the  actions  have  been  planned  and 
implemented  in  accordance  to  budget  availabilies.  This  leads  to  a  rather  stretched  time 
schedule  shown  in  fig.  13. 

The  work  progress  is  in  due  compliance  with  this  time  schedule. 


FIG.3  PAYLOAD/RANGE 
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FIG.5  PRODUCTION  BREAKDOWN 


MESSIEH-HISPANO-BUGATTI  Montrouge  (Peris) 
LIEBHERR-AERO-TECHNIK  Lindenberg 

SNECMA/  ROLLS-ROYCE  Cbatellerauit 

RATIER-FOREST  Figeac 

FIG.6  PROGRAMME  TIME  SCHEDULE  C160 
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FIG.7  Cl 60  TRANSALL  DELIVERIES 

A/C 
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FIG.9a  WING  REINFORCEMENTS 


6  PLATES  (6  mm  *  65  mm)  ALONG 
THE  CENTRAL  WING  (BOTTOM  SIDE) 


Fl(‘.9b  WING  REINFORCEMENTS 
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The  High  Technology  Test  Bed  -  A  Research 
Programme  For  Technology  Development 


C.  B.  Payne 
Division  Engineer 

Lockheed  Aeronautical  Systems  Company 
1011  Lockheed  Way 
Palmdale,  California  93530 


Proposed  roles  for  future  tactical  airlift  drive 
requirements  for  research  and  development  in  the 
areas  of  advanced  Short  Takeoff  and  Landing  (STOL) , 
Electronic  Systems,  Survivabil it v,  and  Advanced 
Cockpit  capabilities.  A  common  scenario  may 
involve  deep  penetration  into  enemy  territory  with 
no  air  or  ground  support.  The  transport  may  be 
required  to  land  on  bomb  damaged  runways,  highways, 
or  dirt  roads.  Landing  dispersion  requirements  may 
not  exceed  1,500  feet  with  a  50  foot  obstacle  at 
the  runway  threshold.  The  aircraft  may  have  to  take 
on  cargo  in  this  area  and  get  airborne  again  with 
the  same  runway  requirement. 

Lockheed  Aeronautical  Systems  Company  began  the 
High  Technology  Test  Bed  (HTTB) ,  an  Independent 
Research  and  Development  (IRAD)  program,  in  1984  to 
address  technologies  required  for  these  future 
tactical  transports.  The  program  utilizes  a 
commercial,  stretched  C — 130  transport  as  the 
technology  focal  point.  This  ’’Flying  Laboratory'1 
is  an  ideal  platform  for  systems  development.  The 


aircraft  is  highly  modified  to  perform  the  STOL 
mission  and  is  fully  instrumented  with  a  real  time 
data  acquisition  system.  The  HTTB  undergoes 
modification  spans  followed  by  flight  spans  to 
evaluate  systems  performance.  .  ^  > 
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Program  involvement  spans  the  aerospace  industry 
with  nanv  companies  flying  their  IRADs  on  the  HTTB. 
To  date  these  companies  number  60  with  participation 
exceeding  $13  Million.  This  participation  includes? 
cost  shares  on  systems  development,  equipment, 
consignments,  and  sharing  of  technical  expertise. 
Those  involved  in  the  Program  to  date  include: 
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VICKERS,  INC. 

In  add  it  ion  to  the  vendor  participation,  pilots 
from  various  U.S.  and  international  agencies  lend 
support  to  the  program.  These  pilots  provide 
Lockheed  with  an  independent  evaluation  of  the 
pilot  workload.  As  new  systems  mature  during 
flight  test,  the  pilots  are  invited  to  fly  Lhe 
modified  aircraft  and  comment  on  the  performance, 
‘Handling  qualities,  etc. 

STOL  MODIFICATION 

The  HTTB  has  undergone  four  modifications  with  the 
most  recent  to  achieve  STOl  performance.  The 
control 'surfaces  and  mechanical  flight  controls 
have  been  altered  significantly,  Allison  Tr>f>  Series 
IV  Engines  have  been  installed,  and  a  digital 
flight  control  system  has  been  added.  During 
flight  tests  at  Palmdale,  the  HTTB  shattered  three 
world  records  for  STOL-class  aircraft  performance. 
The  aircraft  has  lifted  the-  greatest  weight  ever 
to  2,000  meters  in  tin*  STOL-class,  lifting  14,220 
lbs.,  smashing  tile  old  record  of  4,r>00  lbs.  held  l>\ 
a  Soviet  P-42.  It  has  set  two  STOL-class  records 
in  the  climb  categories,  reaching  h,00()  meters  in 
7  minutes  21  seconds  and  0,000  meters  in  13  minutes 
21  seconds.  In  this  STOL  conf igurat ton ,  the  HTTB 
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FIGURE  1.  STOL  Landing  Proffe 


will  fly  the  landing  profile  illustrated  in 
Figure  1.  This  profile  proposes  an  80  knot 
approach  with  a  glide  slope  of  6-7  degrees.  Sink 
rate  approaches  14  feet  per  second  with  ground* 
effect  reducing  the  sink  rate  to  approx! mately  10 
feet  per  second  at  touchdown.  The  aircraft  pitch 
attitude  will  be  approximately  1  degree  nose  up 
with  no  flare. 

Control  Surface  and  Mechanical  Flight  Control 
Modi f icat ion 

The  control  surface*.  :>n  the  HTTB  are  modi  lied. 
Figure  2,  to  include  a  chambered  leading  edge 
allowing  aircraft  nose  up  trim  for  no-flare  land¬ 
ings.  Spoilers  or.  the  wing  upper  surface  provide 
direct  lift  control  and,  in  concert  with  extended 
chord  ailerons,  enhance  roll  control  in  the  low 
speed  regime.  The  rudder  chord  is  also  extended 
to  improve  low  speed  control.  A  high  sink  rate 
landing  gear  Is  incorporated  with  a  floating 
piston  arrangement  to  separate  the  air  charge  from 
tin-  ’.'li  lor  enhanced  rough  field  operations.  A 
double  slotted  flap  assembly,  detailed  in  Figure  1, 
provides  the  high  lift  landing  configuration. 
Hors.ils  and  a  dorsal  improve  airflow  in  the 
empennage  area  with  the  flaps  full'-  extended. 


The  mechanical  flight  control  system  is  also 
modified.  All  surfaces  are  fully  powered  as 
opposed  to  the  original  boosted  systems.  The  tabs 
on  the  elevacor  and  rudder  are  fly-by-wire  through 
the  digital  flight  control  system  (DFCS)  and  serve 
a  dual  function.  They  aerodynamically  balance  the 
control  surfaces  and  provide  emergency  surface 
position  control  in  the  event  of  two  hydraulic 
system  failures  to  a  surface. 

Complex  mechanical  systems  sui,  pilot,  trim,  and 
DFCS  stability  augme.itat  ion  system  inputs  for  the 
elevator,  rudder,  and  aileron  hydraulic  power 
control  units.  These  systems  also  have  structural 
feedback  links  to  prevent  the  possibility  of 
surface  Instability.  The  aileron  and  rudder 
control  systems  use  series  trim  allowing  the 
control  she1 l  and  pedals  to  remain  centered  even 
with  large  trim  input.  The  rudder  system  also 
incorporates  an  input  limiting  function  to  prevent 
rudder  over  control  at  higher  airspeeds.  The 
elevator  control  system  uses  a  series  and  parallel 
trim  concept .  This  approach  gives  the  pilot 
column  movement  with  trim  inputs,  but  not  enough 
to  drive  the  control  wheel  into  the  pilot  at  large 
trim  inputs  normally  required  for  STOC. 
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FIGURE  2.  HTTB  Corfrd  Sirfaces  Detal 


FIGURE  a  Double  Slotted  Flap 


Tiit-  spoilers  arc  powered  by  hydraulic  systems 
utilizing  a  non-flammable  fluid  chlorotr if luoro- 
ethvlene  (CTFE).  Unfortunately,  the  fluid  weighs 
2.5  times  the  weight  of  the  current  hydraulic  fluid, 
inert-lore,  system  pressure  is  increased  to  8,000  psi 
to  reduce  system  volume.  Three  independent 
hydraulic  systems  drive  the  spoilers  under  flv-by- 
w i re  con t ro 1  t h rough  the  DFCS .  Two  are  power 
transfers  from  3,000  to  8,000  psi  and  the  third  is 
an  engine  driven  pump.  The  dual  actuator 
arrangement,  shown  in  Figure  4,  allows  continued 
spoiler  operation  of  4  panels  in  the  event  of  two 
hydraulic  system  failures. 

Allison  T56  Series  IV  Engines 

The  Allison  156  turboprops,  which  power  all  C-130 
aircraft,  have  been  in  continuous  development  and 
production  since  the  first  C-130  was  produced  at 
Marietta  in  1955.  Since  then  they  have  benefit  ted 
from  several  major  development  upgrades  shown  in 
Figure  5.  The  latest  T56  production  variant  offers 
a  25  percent  power  increase  and  a  13  percent 
reduction  in  furl  burn  over  the  engines  currently 
in  the  latest  C-130H.  It  was  developed  for  the 
U.S.  Navy  E-2C  Hawkeye,  carrier-borne,  AER  aircraft 
to  enable  high  gross  weight  carrier  take-off  with 
one  engine  out  on  a  hot  day.  This  new  T56  is 
called  the  Series  IV  and,  like  all  its  predecessors, 
it  can  be  installed  into  any  aircraft  currently 
powered  by  T56  turboprops  (Figure  6). 


The  T56  Series  IV  turboprop  derives  its  improved 
performance  from  modern  technology  improvements 
in  the  compressor,  turbine  and  control  system. 

These  improvements  are  illustrated  iri  Figure  7. 

The  new  14-stage  compressor  has  demonstrated  the 
highest  average  stage  efficiency,  in  its  size 
class,  of  any  compressor  currently  in  production. 
Turbine  temperature  has  been  increased  to  raise 
the  power  rating;  however,  advanced  turbine  cooling 
technology  results  in  blade  metal  temperatures 
lower  than  those  of  the  current  C-130  T56  engine. 
This  feature,  coupled  with  the  use  of  single¬ 
crystal  alloy  blades,  also  significantly  improves 
turbine  life  and  engine  reliability.  A  digital 
electronic  supervisory  control  for  the  engine  fuel 
metering  system  has  replaced  several  components 
which  required  frequent  maintenance.  This  new 
system  provides  a  linear  engine  output  torque 
schedule  instead  of  a  turbine  temperature  smedule, 
and  incorporates  torque  and  temperature  limiting, 
which  eliminates  overshoots  thereby  adding  service 
life  and  reliability  to  the  engine.  In  addition, 
the  automatic  features  also  reduce  the  present 
flight  crew  workload.  This  modern  electronic 
control  also  provides  for  an  engine  monitoring 
system  (EMS)  which  will  allow  on-condition 
maintenance,  cycle  tracking,  diagnostics,  and 
performance  trending  resulting  in  large  reductions 
in  field  maintenance  requirements  and  elimination 
of  some  trim  procedures.  EMS  parameter  sensors  are 
shown  in  Figure  8. 
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FIGURE  4.  Spoier  Actuator 
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The  HTTB  benefits  from  increased  performance  of 
the  power  section  and  modified  propeller. 


FIGURE  5  T-56  Devetaprnert  Uxrados 


The  new  T56  Series  IV  turboprop  is  configured 
externally  like  the  Series  III  Engine 

FIGURE  &  Series  IV  Commonalty 


T56  SERIES  IV  IMPROVEMENTS 
OVER  SERIES  III 
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Significant  technical  improvements  of  the 
T56  Series  IV  turboprop 

FIGURE  7.  Series  IV  Technology  Improvements 
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EMS  sensors  are  located  to  obtain  maximum 
monitoring  capability 
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FIGURE  a  EMS  Parameter  Sensors 


Hit*  new  T  56  Serifs  IV  turboprop  offered  increased 
power  to  demonstrate  short  field  capability  and  its 
ease  of  fit  into  the  HTTB  at  minimum  cost  and  air¬ 
craft  downtime  made  it  a  natural  for  the  program. 

In  mid-1988  the  decision  was  made  to  install  the 
Series  IV  engines*  while  the  HTTB  was  ir.  lay-up  for 
aerodynamic  mods  and  avionic  changes.  The 
propulsion  configuration  consisted  of  new*  T56 
Series  IV  power  sections  (the  gas  turbine  from  the 
E-2C  engine).  Series  III  propeller  gearboxes  and 
propeller  blades  which  are  1.5  inches  longer  than 
standard  C— 130  propeller  blades.  The  resulting 
turboprop  svstem  w«js  rated  at  5250  shaft  horsepower 
(SHP)  at  sea  level  takeoff;  a  25  percent  increase 
over  Liu  Series  111  installation.  A  rating 
comparison  at  sea  level  static  take  off  power  is 
shown  in  Figure  9. 

Within  six  months  of  the  go-ahead  decision.  Allison 
delivered  the  new  Series  IV  engines  with  refurbished 
gearboxes  to  Lockheed.  Photographs  of  the  nacelle 
installation  are  shown  in  Figures  10  and  11.  In 
less  than  three  months  they  had  mated  the  propellers, 
installed  and  checked  out  the  engines,  and  completed 
the  first  flight  without  a  hitch.  About  a  month 
later  the  HTTB  shattered  three  world  records  for 
STOL-class  aircraft  performance.  Performance 
achievements  of  the  HTTB  are  shown  in  Figure  12. 

This  schedule  accomplishment  is  a  testament  to  the 
ease  with  which  the  T56  Series  IV  can  be  adapted  to 
the  C-130  installation.  In  addition  to  the  power 
plant  installation,  a  four-engine  EMS  system  was 
incorporated*  the  first  of  its  kind  of  any  turboprop 
aircraft. 

Digital  Flight  Control  Svstem 

A  digital  flight  control  system  (DFCS)  is 
required  to  extend  the  flight  envelop  to  the  low 
speed  STOL  regime.  During  1985  and  1986  pilots  flew 


a  math  model  of  the  flight  control  system  in  a 
flight  simulation  facility.  The  facility  includes 
a  Singer-Link  six-degree-of-f reedom  motion  base 
coupled  with  a  TI-980B  mini-computer.  Test  pilots 
rated  aircraft  handling  using  the  Cooper-Harper 
rating  scale.  The  chart  in  Figure  13  indicates 
that  the  HTTB  will  perform  better  during  an  80-knot 
approach  than  the  basic  C-130  at  a  much  higher 
airspeed.  The  requirement  for  the  DFCS  is  evident 
as  well,  with  the  aircraft  unacceptable  at  80  knots 
without  this  system.  Current  plans  are  to  link  the 
actual  flight  control  hardware  with  the  motion  base 
for  pilot-in-the-loop  evaluation  of  the  Honeywell 
system  control  laws. 

The  DFCS  consists  of  three  computers  driving  five 
redundant  independent  Sundstrand  electromechanical 
systems.  A  system  general  arrangement  is  shown  in 
Figure  14.  Three  of  the  EMAS  systems  provide  the 
stability  augmentation  functions  and  the  other  two 
EMAS  systems  drive  the  tabs  on  the  rudder  and 
elevator.  The  DFCS  also  controls  the  spoiler 
panels  through  triplex  servo  valve  motors  on  the 
8,000  psi  E-Systems  actuators. 

A  MIL-STD-1553B  data  bus  links  the  EMAS  electronic 
control  units  with  the  flight  control  computers. 
These  “smart  actuators"  systems  consist  of 
controllers  and  actuators  -  one  controller  per 
actuator.  The  controllers  house  microprocessors 
which  continually  monitor  actuator  position 
versus  computer  commanded  position. 

The  flight  control  computers  take  inputs  from  the 
air  data  computers,  angle  of  attack  sensors,  ac 
acceleration  rate  and  gyro  packages,  as  well  as 
from  triplex  position  sensors  on  the  throttles, 
forward  and  aft  flaps,  rudder  and  elevator  trims, 
and  torque  tubes  for  the  rudder,  aileron  and 
elevator.  These  signals  are  input  to  control  law 
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The  T56  Series  IV  has  more  power  at  sea  level  static. 


FIGURE  9.  Static  T.O.  Thrjst  Corrparison 


algorithms  to  derive  actuator  position  commands. 

Two  computers  control  the  EMAS  augmentation  system 
m  an  active  standby  arrangement.  The  elevator 
servo  tab  surfaces  are  controlled  independently  and 
th*.-  rudder  tab  is  configured  in  an  active-active 
* ai l -centered  arrangement . 

Avionics  Improvements 

The  changes  to  the  flight  control  surfaces  and 
systems  yield  an  airframe  with  low  speed  control 
capabilitv  for  very  short  landing  distances. 

Figure  IS  indicates  that  the  HTTB  will  require  about 
half  the  landing  distance  of  a  basic  C-130  aircraft 
and  will  he  a  marked  improvement  over  the  C-17  in  a 
similar  payload  range.  This  performance  coupled 
with  an  avionic  system  capability  to  accurately 
determine  aircraft  position,  are  required  to 
support  deep,  covert  operations  into  enemy  territory. 

The  HTTB  avionics  system  shown  in  Figure  16  is  built 
around  a  highly  flexible  cockpit  management  system 
using  the  MIL- l  553B  data  bus.  This  Collins  CMS-80 
system  al lows  integration  and  testing  of  systems  not 
MIL-L553B  compatible  through  bus  system  interface 
units  and  system  interface  modules.  Currently,  the 
avionics  suite  includes  a  MIL-STD-1750A,  1638 
processor  as  a  Mission  Computer.  This  unit  is  the 
bus  controller  and  computes  the  flight  path  based  on 
inputs  from  various  other  sensors.  The  mission 
computer  then  drives  the  head  up  display  computer  to 


provide  the  pilot  with  flight  cues  while  he  is 
viewing  the  outside  world. 

The  navigation  sensors  being  integrated  wit!)  the 
mission  computer  include  Honeywell  fit,  form,  and 
function  inertial  navigation  system  (INS)  and  two 
Delco  Carousel  IV  inertial  navigation  systems.  One 
Delco  unit  is  a  MIL-STD-1553B  compatible,  0.25 
nautical  mile  per  hour  (NMH)  error  rate  system 
and  the  other  is  a  0.8  NMP  unit  doppler-damped , 
to  reduce  velocity  errors.  A  Litton  mini-FLIR  is 
mounted  above  the  cab  and  its  image  is  rastered  on 
the  Flight  Dynamics  HUD  concurrent  with  the  flight 
symbology. 

Currently  under  development  is  a  Lockheed  Adaptive 
Modular  Platform  (LAMP)  to  further  enhance  the 
avicnics  suite.  This  unit  houses  a  charge  couple 
device  camera  and  a  rarnan  shifted  ND:YAG  laser 
ranging  system.  The  unit  will  be  mounted  just 
forward  of  the  nose  gear  extending  from  the  lower 
part  of  the  radome.  The  system  will  be  used  by 
the  navigator  to  find  and  "range  to"  waypoints. 

This  information  will  bo  sent  to  the  mission 
computer  over  the  M1L-STD-1553B  data  bus  to  support 
flight  path  generation.  Future  plans  are  to 
develop  digital  map  systems,  global  positioning 
systems  (GPS) ,  slewable  forward  looking  infrared 
systems  (FLIR) ,  terrain  following  radar,  and  other 
precision  sensors  to  support  enroute  navigation  and 
autonomous  landing  guidance  into  austere  landing 
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New  power  for  the  HTTB. 


FIGURE  IQ  Series  IV  Encpne  hstafafon 


jr^as, 

Lockheed  Airborne  Data  System 

Supporting  development  of  these  new  technologies, 
the  HTTB  is  equipped  with  a  real-time  data 
acquisition  system.  The  system,  as  shown  in 
figure  17,  includes  signal  conditioning  modules, 
acquisition  computers,  and  a  master  computer. 

Eight,  sixteen  channel  signal  conditioning  modules 
are  connected  to  each  acquisition  computer.  Under 
command  of  the  master  computer,  each  acquisition 
computer  commands  its  modules  to  acquire  channel  1, 
then  channel  2,  and  so  on.  In  the  time  required  to 
acquire  16  channels  of  data  hv  one  module,  all  data 
channels  from  the  other  modules  are  acquired  within 
375  microseconds.  The  signal  conditioning  modules 
also  digitize  the  signals  and  send  the  data  on  to 
the  acquisition  computers.  In  the  time  between 
scans,  the  acquisition  computers  apply  calibration 
factors  and  convert  the  data  to  engineering  units; 
therefore,  reducing  the  ground  data  processing  time. 


The  system  is  capable  of  acquiring  over  1,000 
channels  at  a  20  sample  per  second  rate,  and  it 
also  can  acquire  a  reduced  number  of  channels  at 
sample  rates  up  to  160  per  second. 

A  processing  center  supports  the  data  analysis. 

The  center  includes  a  telemetry  system,  printers, 
plotters,  and  CRT  terminals.  The  telemetry  system, 
with  color  graphic  CRT  displays,  allows  engineers 
to  monitor  critical  data  points  to  determine  if 
the  aircraft  can  proceed  to  the  next  flight 
condition  safely.  This  capability  reduces  flight 
test  costs  hv  allowing  tests  up  to  a  hazardous 
situation  without  going  back  to  base  after  each 
maneuver  to  analyze  the  data. 

For  off-site  developmental  testing,  a  data  van 
supports  the  aircraft.  This  unit  has  both  data 
processing  and  telemetry  capabilities,  and  it  can 
be  transported  in  the  HTTB  cargo  compartment. 

Upon  arriving  at  the  test  site,  the  van  with  its 
associated  power  cart  is  off-loaded  and  the 
telemetry  antenna  is  set  up  within  30  minutes. 
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The  T56  Series  IV  installed  in  the  HTTB  with  ease 


FIGURE  1 1.  Series  IV  Engrie  hstalation 

•  Program  Go-Ahead  Sep  1988 

•  Engines  Installed  in  HTTB  Mar  1989 

•  Flight  Clearance  Tests  Apr  1989 

•  STOL  Development  Flight  Test  Started  May  1989 

•  May  19,  1989:  HTTB  Sets  Four  New  World  Records  For 
STOL  Aircraft 

-  Time-To-Climb  To  3000  Meters 

-  "  "  "  "  6000 

.  "  "  "  "  9000 

-  Greatest  Payload  Lift  To  2000  Meters 

14,220  LB  Payload 
Take-Off  Distance  1400' 

Landing  Distance  950' 

•  Continuing  STOL  Development  &  Flight  Demonstrations 

The  HTTB  T56  Series  IV  Engine  Program 
and  Achievements 


FIGURE  12.  HTTB  F’erformance  Acrtevemerts 


FIGURE  ia  Handfrig  QuaKes 


DFCS  System  Architecture 


Spoiler  Actuators 


Tab/SCAS  Actuators 
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FIGURE  15.  HTTB  Landhg  Distance  vs.  C-130HC- 17 
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Flight  Test 

•  Fully  Integrated  System 

•  Autonomous  Avionics  System 
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Electronics  ^ 

Integration  G» 

Facility 

•  S/W  Development 


Hot  Mockup 

•  S/W  Debug 

•  Equipment/Sensor  Control 
in  Lab  Environment 


FIGURE  16.  HTTB  Avionics  System 
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FIGURE  17.  Lockheed  Airborne  Data  System 


SANSON  P0:i 

During  flight  test:*  in  1985,  the  HTTB  supported  the 
SA.JSON,  Special  Avionics  Mission  -  Strap  On  Sow, 
Program.  This  program  used  a  modified  external  fuel 
pod  to  nouse  n  turret  mounted  FLIR  and  a  ram  air 
turbine,  Figure  IS.  The  turbine  turned  a  generator 
providing  power  for  the  FLIR  system  and  three  IR 
receiver/transmitters.  FLIR  control  and  video 
signals  were  transmitted  over  an  IR  data  link, 
between  tin*  pod  and  tne  airplane  fuselage. 

The  rule  of  the  SAMSON  system  is  to  perform  multiple 
missions  with  a  single  aircraft.  By  simply  changing 
the  pod  the  aircraft  could  he  ready  for  a  sea  search 
mission,  an  electronic  countermeasure  mission,  etc. 

Sensor  F.valuation  Platform 

A  long  term  goal  is  to  develop  the  aircraft  to  a 
sensor  evaluation  platform  as  illustrated  in 
Figure  1  '■) .  Pod  mounting  locations  between  the 
engines  currently  exist.  At  this  location,  payloads 
up  to  45"  diameter,  2V  in  length,  and  8,000  lbs. 
can  be  mounted.  Plans  are  to  install  mounting 
locations  outside  the  outboard  engines. 

The  existing  avionics  rack  can  support  fully 
integrated  systems  or  a  hot  mockup  can  support 
autonomous  development.  The  hot  mockup  is  a 
portable  unit  with  a  MIL-1553B  data  bus,  a  control 
and  display  unit,  a  mission  computer,  a  bus  system 
interface  unit,  and  mounting  provisions  for  radios 
and  inertial  systems.  A  software  integration 
facility  supports  avionics  integration  tasks.  As 
the  software  is  developed,  the  various  sensors  can 
actually  be  controlled  on  the  hot  mockup.  The  hot 
mockup  can  be  loaded  into  the  cargo  compartment  of 
the  HTTB  to  serve  as  a  control  console  for  pod 
mounted  sensors  providing  a  completely  autonomous 


avionics  system.  The  unit  can  also  be  linked  Lo 
the  airborne  data  system  to  support  data  acquisi¬ 
tion  and  analysis  of  these  new  systems  and  sensors. 
This  concept  allows  for  technology  assessment 
without  affecting  aircraft  safety  and  without 
expensive  aircraft  mods  or  excessive  down  time. 


Flight  Testing 


The  HTTB  first  flew  on  April  24,  1988  following 
the  extensive  STOL  modif icat ion .  Since  that  time 
the  aircraft  has  been  cleared  for  flutter 
throughout  the  flight  envelope.  Full  stalls  have 
been  accomplished  in  all  modes  except  STOL  flaps. 
The  flaps  have  been  operated  to  the  full  STOL 
position  and  cleared  to  the  limit  speed  of  110 
knots  with  maximum  engine  power.  The  three  3,000 
psi  hydraulic  systems  have  been  interfaced  with 
the  DFCS .  All  avionics  are  flight  worthy  and 
development  continues.  The  DFCS  has  been  driving 
the  servo  tabs  on  the  elevator,  but  is  locked  out 
in  other  functions  at  this  time. 


As  simulator  activities  prove  out  the  flight 
control  hardware,  the  aircraft  will  progress  to 
inflight  checkout  of  the  rudder  tab  and  the  DFCS 
stability  augmentation  functions. 


Conclusion 

The  HTTB  Program  allows  for  continuing  research  of 
many  technologies  at  minimal  costs.  The  program 
uses  the  battle  proven  C-130  platform  as  the  tech¬ 
nology  integration  focal  point  andprovides 
researchers  at  Lockheed  and  other  companies  and 
agencies  the  opportunity  to  assess  rapidly  changing 
technologies  in  a  flexible  environment.  Lockheed 
invites  interested  companies  and  agencies  to 
participate  in  the  program  to  advance  the 
technologies  required  for  future  tactical  systems. 


r 
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FIGURE  1&  Special  Avionics  Mission  Program  -  Strap  On  Now  (SAMPSON) 
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FIGURE  19.  Sensor  Evaluation  Platform 
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THE  C-17:  MODERN  AIRLIFTER  REQUIREMENTS  AND  CAPABILITIES 


AD-P006  261 


Leonard  R.  Ihvernettl 
Douglas  Aircraft  Company 
McDonnell  Douglas  Corporation 
Long  Beach,  California  90025  USA 


SUMMARY 

Modern  airlift  technology  otters  defense  planners  an  effective  tool  for  husbanding  their  resources  in  centralized  locations, 
yet  quickly  deploying  them  to  any  trouble  spot  for  a  deterrent  show  of  force  or  to  prevent  an  aggressor  from  consolidating 
an  attack.  The  newest  military  airlift  aircraft,  the  U.S.  Air  Force  ’sC-17,  can  rapidly  move  substantial  quantities  of  large,  modern 
weaponry  in  fighting  condition  any  place  on  the  globe.  The  new  air  transport  capability  capitalizes  on  proven  technology  which 
is  currently  incorporated  into  today’s  commercial  airliners  and  front-line  fighter  aircraft. 

This  paper  describes  how  existing  technology  is  being  applied  on  the  C- 17  to  satisfy  the  requirements  for  modern  military 
airlift  aircraft.  The  C-17  expands  the  traditional  airland  and  airdrop  modes  of  transportation  to  include  direct  delivery  of  large 
outsize  equipment.  This  airlifter  transports  M-l  tanks,  AH-64  helicopters,  and  Bradley  Fighting  Vehicles  and  delivers  them 
to  semiprepared  austere  airfields  as  small  as  94  meters  by  27  meters.  The  aircraft  is  operated  by  a  crew  of  three  employing 
fly-by-wire  and  mission  computer  technologies  to  integrate  information  and  operations/'^  c  '  "j  ,*/ 


BACKGROUND  \ 

The  NATO  commitment  that  binds  our  nations  together  is  fused  with  a  common  resolve  to  safeguard  freedom  by  maintain¬ 
ing  a  deployment  capability  for  modern  forces  in  support  of  mutual  defense.  The  recognition  of  this  capability  has  successfully 
deterred  a  numerically  superior  force  from  aggression  for  the  last  four  decades.  At  a  time  when  tensions  appear  to  be  relaxing 
in  Europe,  politicians  are  encouraging  a  reduction  of  military  budgets  by  delaying  modernization  and  decreasing  the  size  of 
our  forces.  The  impact  of  these  actions  on  our  military  capabilities  can  only  be  deleterious. 

As  force  sizes  are  reduced,  older  equipment  will  be  retired  from  NATO,  leaving  smaller  but  somewhat  more  modern  forces 
for  defense.  These  smaller  allied  forces  will  still  face  the  challenge  of  defending  our  common  interests  and  must  therefore 
continue  to  make  maximum  use  of  modern  technology. 

Conflicts  around  the  globe  during  the  last  two  decades  have  demonstrated  that  speed  and  surprise  contribute  immeasur¬ 
ably  to  victory.  Where  they  were  lost,  victory  was  still  attainable  but  at  a  very  high  price.  Land  forces  can  attain  speed  and 
surprise  only  with  airlift,  except  for  countries  with  mutual  borders.  And  the  airlift  must  be  capable  of  delivering  all  their  new 
weapon  systems  to  the  battlefield. 

The  C-17  aircraft  has  been  designed  to  satisfy  all  the  requirements  for  airlifting  modem  forces.  This  paper  focuses  on 
those  requirements  and  how  the  aircraft  design  capitalizes  on  proven  technology  to  satisfy  them. 

REQUIREMENT 

Deployment  concepts  and  strategies  are  based  on  the  premise  that  the  selected  mobility  option  should  be  responsive,  reli¬ 
able,  and  affordable.  To  be  responsive,  airlift  must  be  able  to  rapidly  move  all  required  land  forces  and  equipment,  sometimes 
over  long  distances,  in  all  weather  —  day  or  night  —  and  deliver  them  where  the  local  commanders  need  them.  Airlift  must 
also  offer  a  variety  of  delivery  options  in  the  forward  area  to  exploit  dynamic  battlefield  conditions  and  be  capable  of  operating 
through  and  surviving  in  delivery  areas.  Both  the  aircraft  and  support  systems  need  to  be  relatively  simple  to  operate  and  be 
dependable  —  to  a  very  high  degree.  Further,  the  airlift  system  must  place  a  minimal  burden  on  manpower  and  other  resources 
foi  both  training  and  operations. 

The  current  airlift  capability  does  not  meet  these  requirements  (Figure  1).  Speed  and  surprise  are  sacrificed  as  C-5  and 
C- 141  aircraft  cannot  use  the  small  airfields  which  are  often  found  throughout  a  deployment  area.  Only  relatively  short-range 
aircraft  such  as  the  C-130  can  use  these  small  airfields.  For  U.S.  forces,  a  time-consuming  two-step  process  is  now  necessary 
in  which  C-130s  are  repositioned  for  forward  deployment,  and  intercontinental  C-141  and  C-5  aircraft  then  bring  the  forces 
to  a  large  transshipment  base.  Since  the  C-130  aircraft  can  only  deliver  smaller  equipment,  much  of  our  land  force  equipment 
must  be  transported  forward  over  road  or  rail,  sacrificing  speed  and  surprise. 

Future  airlifters  will  span  long  distances,  land  in  small  fields,  and  deliver  large  equipment,  thereby  achieving  speed  and 
surprise  (Figure  2).  Modern  airlifters  will  direct  deliver  over  long  distances  because  they  are  designed  for  this  type  of  mission. 
The  aircraft  that  will  accomplish  this  task  is  the  C-17,  w\ich  McDonnell  Douglas  is  building  (Fiaure  3V 
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CURRENT  AIRLIFT 


TIME-CONSUMING 

-  REPOSITION 

-  TRANSSHIPMENT 


SAAF  =  SMALL  AUSTERE  AIRFIELD 
FLOT  -  FORWARD  LINE  OWN  TROOPS 


FIGURE  1.  SHORTCOMINGS  OF  CURRENT  AIRLIFTERS 


FUTURE  AIRLIFT 

•  RESPONSIVE 

-  DIRECT  DELIVERY 


FIGURE  2.  CHARACTERISTICS  OF  FUTURE  AIRLIFTERS 


TECHNOLOGY 

To  illustrate  how  technology  has  improved  the  performance  of  airlift  aircraft,  consider  the  DC-3,  or  C-47  as  it  was  known 
in  uniform.  The  C-17  is  three  times  as  long,  has  twice  the  wing  span,  can  deliver  a  payload  18  times  greater  than  the  DC-3, 
and  can  take  off  and  land  on  a  shorter  runway. 

A  comparison  with  current  Air  Force  airlift  aircraft  shows  the  C- 17  has  approximately  the  wing  span  of  a  C- 14 1 ,  the  interior 
width  of  a  C-5.  and  the  landing  distance  of  a  C-130  (Figure  4).  The  technology  that  enables  a  large  aircraft  to  land  on  short 
runways  is  called  propulsive  lift.  This  technology  was  proven  in  more  than  800  flight  hours  during  the  late  1970s  by  the 
McDonnell  Douglas  YC-15.  In  propulsive  lift,  the  flap  is  lengthened  to  extend  into  the  engine  exhaust,  and  the  exhaust  is 
deflected  downward  along  both  sides  of  it.  The  C-17  flap  is  about  the  same  size  as  an  MD-80  wing. 

The  additional  lift  allows  the  C-17  to  slow  to  115  knots  and  make  a  no-flare  landing  at  a  sink  rate  of  274.4  meters  per 
minute.  A  5-degree  approach  angle  permits  the  C-17  to  cross  a  15-meter-high  obstacle  and  still  touch  down  within  the  first 
150  meters  of  the  runway  (Figure  5).  A  conventional  aircraft  will  normally  approach  the  runway  at  an  approach  angle  of 
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FIGURE  3.  CHARACTERISTICS  OF  THE  C-17 


71,79V  kf  1  Ul«  Vila  Him 

(111,999  LB)  (I.VOvrt)  (1.099  PT)  (1,799  77) 

PAYLOAD  LANMNO  OMYANCt 


C-130 

17,117-kl 
(11,999  LB) 
PAYLOAD 


I  191m  111  ■  719m 

(1,991  PI)  (1,999  PT)  (1,399  PT) 

A99AULT  LANMNO  DISTANCE 


FIGURE  4.  COMPARISON  OF  C-17  WITH  CURRENT  AIRLIFT  AIRCRAFT 
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FIGURE  5.  APPROACH  AND  LANDING  CHARACTERISTICS 
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approximately  3  degrees  and  will  accordingly  have  less  control  over  the  touchdown  point.  The  C-17  then  employs  antiskid 
brakes  and  engine  reverse  thrust  to  decelerate.  The  C-17  will  deliver  its  full  78,1 10-kg  payload  into  a  914-meter-long  runway. 


The  C-17  engined  are  Pratt  4  Whitney  2000  series.  These  fuel-efficient  engines  are  currently  in  commercial  revenue  ser¬ 
vice.  More  than  300  engines  have  been  delivered  to  12differettt  customers  and  these  engines  have  accumulated  over  1 .8  million 
flight  hours.  Each  engine  provides  181.06  kilo-Newtons  of  thrust,  and  four  of  these  engines  can  lift  off  a  fully  loaded  C- 17  in 
2,316  meters. 

The  fuel  efficiency  of  the  engines  permits  the  C-17  to  transport  its  maximum  payload  over  4,000  kilometers  (Figure  6). 
In  fact,  the  C-17  can  transport  an  M-l  Abrams  tank  nearly  6,000  kilometers.  And  the  aircraft  can  be  refueled  in  flight  for  even 
longer  ranges. 

RANGE  (1,000  NM) 

1  2  3  4  $ 


200 
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(1,000  LB) 
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0123456789  10 

RANGE  (1,000  km) 

FIGURE  6.  INTERCONTINENTAL  PAYLOAD  RANGE 


Once  on  the  ground,  the  C-17  uses  improved  technology  to  operate  on  narrow  runways.  The  reverse  thrust  from  the 
engines  generates  sufficient  force  to  back  the  fully  loaded  C- 1 7  up  a  2-percent  slope.  This  enables  it  to  completely  turn  around 
on  a  27.4-meter  runway  (Figure  7).  The  narrow  gear  and  high  wing  allow  the  C-17  to  maneuver  on  13.12-meter  taxiways.  In 
order  to  ensure  that  three  C-17s  fit  on  a  ••typical”  92-  by  122-meter  parking  ramp,  the  wing  span  was  reduced  approximately 
3  meters.  Winglets  were  then  added  to  recover  the  tlight  efficiency  lost  with  the  wing  size  reduction. 


FIGURE  7.  C-17  GROUND  MANEUVERABILITY 


PAYLOAD 

While  the  Soviet  threat  might  be  diminishing  in  central  Europe,  their  armored  vehicles  are  showing  up  in  potential  trouble 
spots  throughout  the  world  (Figure  8).  In  the  last  decade,  more  than  40,000  Soviet  armored  vehicles  were  exported  outside 
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FIGURE  8.  SOVIET  ARMAMENT  EXPORTS 


of  Europe.  The  C-17  is  designed  to  transport  the  modern  ground  forces  equipment  that  can  counter  this  threat.  Armored 
vehicles  such  as  the  M-l  Abrams  tank  and  M-2  Bradley  Fighting  Vehicle  were  test  loaded  into  a  full-scale  cargo  compartment 
mockup.  Loading  analyses  were  completed  for  a  variety  of  armored  units  such  as  those  equipped  with  Leopard  tanks  or  Cougar 
armored  vehicles  (Figure  9).  Analysis  shows  that  a  notional  18-tank  company  could  be  airlifted  in  only  1 9  C- 17  loads.  Construc¬ 
tion  equipment  loads  are  also  developed  (Figure  10). 
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FIGURE  8.  HEAVY  LOADS  INTO  823-m  (2, 700- FT)  FIELD 
(888-km  RADIUS,  SU32‘C;  300-NM  RADIUS,  SL/90'F) 


The  large  volume  of  vehicles  that  can  be  loaded  in  the  C-1.7  results  from  its  large  cargo  ramp  and  doors  and  the  fact  that 
more  than  18,000  kilograms  can  be  carried  on  the  ramp.  The  height  of  the  cargo  compartment  is  sufficient  fir  tall  items  such 
as  helicopters  (Figure  1 1).  Helicopter  units  can  be  moved  in  a  single  lift. 


The  cargo  compartment  floor  of  the  C-17  is  the  largely  responsible  for  its  versatility  (Figure  12).  The  aerial  delivery  rails 
that  run  down  the  center  of  the  cargo  compartment  accommodate  1 1  of  the  standard  463L  cargo  pallets  which  are  2.74  meters 
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•  19  C-17  LOADS  (AVQ  PAYLOAD  64,146  kg/141,473  LB) 

•  CAPACITY  TO  MOVE  AUGMENTATION  FORCES  AND 
ADDITIONAL  SUPPORT  ALONG  WITH  THE  TANKS 

CD 


MAJOR  WEAPONS  AND  EQUIPMENT 

TOTAL  WEIGHT  >  1,218,782  kg/1,344  TONS 

TANK  COMPANY 

AUGMENTATION  8  SUPPORT 
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LIGHT  TRUCK  2 

MEDIUM  TRUCK  1 

RECOVERY  VEHICLE  1 

LIGHT  TRUCK  8 

MEDIUM  TRUCK  25 

10-TON  TRUCK  2 

FIGURE  10.  RESULTS  OF  TANK  COMPANY  LOADING  ANALYSIS 


FIGURE  11.  CARGO  COMPARTMENT  DIMENSIONS 

wide.  There  is  ample  room  and  seating  for  54  personnel  when  these  pallets  are  loaded.  By  turning  the  pallets  sideways  on  the 
ramp  rollers,  two  rows  of  pallets  can  be  loaded  into  the  logistics  rails.  These  pallets  are  2.23  meters  wide  in  this  position,  and 
IS  can  be  loaded.  If  only  one  row  is  used  for  pallets,  there  is  still  sufficient  space  for  vehicles  in  the  remaining  space. 

The  versatility  of  the  cargo  system  is  enhanced  by  the  fact  that  the  compartment  cun  be  reconfigured  by  a  single  loadmaster 
while  the  aircraft  is  either  in-flight  or  on  the  ground.  Reversible  roller  trays  can  be  flipped  over  for  pallet  loads.  All  conversion 
items  such  as  centerline  seats  and  litter  stanchions  are  stowed  on  board.  Rigging  for  personnel  airdrop  is  accomplished  by 
loadmasters,  and  the  probability  of  successful  mission  completion  is  improved  by  precision-setting  the  airdrop  restraint  locks. 

The  C-17  can  also  be  used  to  transport  patients  in  litters  or  seats  and  download  fuel  directly  from  the  wing  tanks  into  land 
force  vehicles.  Delivery  options  include  the  low-altitude  parachute  extraction  system,  or  l.APKS:  airdrop  of  personnel,  equip¬ 
ment,  and  supplies:  and  combat  off-load  from  either  rail  system. 

AVIONICS 

The  C-17  cockpit  matches  the  cargo  compartment  in  modernization,  versatility,  and  efficiency.  There  are  only  two  mem¬ 
bers  of  the  flight  deck  crew  —  a  pilot  and  copilot.  Two  additional  scats  are  behind  the  pedestal  for  an  instructor  or  special 


11  PALLET#  IN  AERIAL  DELIVERY  RAILS 


11  PALLETS  IN  AERIAL  OR.IVEHY  RAILS  ANO  S4  PERSONNEL  IN  SIDEWALL  SEATS 


9  PALLETS  IN  LOGISTIC  RAILS  AND  VEHICLES 


FIGURE  12.  CARGO  COMPARTMENT  CONFIGURATIONS 

mission  commander,  plus  bunks  and  a  work  area  for  a  second  crew.  The  key  features  of  this  cockpit  are  the  two  head-up 
displays,  an  instrument  panel  that  displays  by  exception,  the  four  multifunction  displays  (MFDs)  and  eight  standby  indicators, 
the  thiee  redundant  mission  computers  with  their  four  displays,  and  control  sticks  rather  than  yokes  (Figure  13). 


FIGURE  13.  THREE-DIMENSIONAL  PERSPECTIVE  OF  C-17  COCKPIT 


The  pilot  can  easily  view  three  of  the  MFDs  on  the  instrument  panel  (Figure  14).  There  are  five  different  MFD  formats: 
Primary  Flight,  which  is  normally  displayed  on  the  co-pilot's  dedicated  panel;  Navigation;  Plan  Position  Indication,  such  as 
radar;  Engine;  and  Configuration.  Subniodes  are  available  for  the  last  tour  formats.  1  he  flight  crew  can  switch  formats  from 
one  screen  to  another  to  best  suit  its  needs.  Standby  or  br.ckup  instruments  are  arranged  around  the  MFDs. 
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FIGURE  14.  PILOT’S  GLARESHIELD  AND  INSTRUMENT  PANEL 

The  pilot's  glareshield  has  a  head-up  display  with  primary  flight  data  on  it.  The  glareshield  also  includes  the  integrated 
radio  management  system  and  the  navigation  radios  in  the  communication  navigation  control.  This  allows  frequencies  to  be 
selected  by  a  pilot  without  lowering  his  field  of  vision.. 

The  C- 17  employs  digital  electronic  tly-by-wire  technology  with  mechanical  backup  for  flight  control.  The  electronic  flight 
control  system  monitors  onboard  commanded  configurations  and  provides  parallel  autopilot  positioning  of  the  control  stick 
for  aileron  and  elevator  movement.  Automatic  functions  are:  three-axis  stability  and  control  augmentation  system,  autopilot, 
flight  director,  autothrottle  control,  and  automatic  flight  control  system. 

f-'ull-authority  quadruples  configuration  is  maintained  in  the  "electronic  control”  mode  as  long  as  two  or  more  of  the  four 
flight  control  computers  (FCX  )  are  operational.  In  the  event  three  of  the  four  FCOsare  lost,  the  hydraulic-mechanical  backup 
system  is  engaged,  providing  a  "get  home”  capability. 

The  integrated  systems  control  panels  are  located  above  the  crew  in  the  C-17  cockpit.  The  switches  on  these  panels  for 
fuel,  hydraulics,  pneumatics,  and  electric  power  are  "set  and  forget"  controls.  Levels  are  automatically  monitored  by  the 
onboard  computers,  and  in  the  event  of  abnormal  consumption,  the  crew  is  alerted  by  the  appropriate  indicator  illuminating. 

1'he  overhead  panel  also  contains  the  C-17  watchdogs:  the  warning  and  caution  system,  and  the  central  aural  warning 
system.  Any  abnormal  condition  brings  tone  and  voice  message  alerts  to  the  crew  and  a  written  message  on  the  billboard  as 
to  the  cause,  t  he  ground  proximity  warning  system,  which  is  also  in  the  overhead  panel,  receives  input  from  the  flap  and  gear 
positions,  radar  altitude,  barometric  altitude,  and  glideslope  deviation.  It  has  five  operational  modes  which  can  be  tailored 
to  the  special  requirements  of  a  military  mission. 

The  aircraft  recording  system  includes  four  recorders,  each  with  a  different  function,  rate,  and  format.  The  cockpit  voice 
recorder  provides  a  30-minute  crash-protected  record  of  the  crew  voice  communications.  The  other  three  recorders  receive 
inputs  from  the  aircraft  and  propulsion  data  management  computer.  The  crash  data  recorder  provides  a  25-hour  record  of 
digital  information.  The  aircraft  structural  integrity  program  recorder  provides  onboard  recordings  for  the  load  environmental 
spectra  survey  and  individual  aircraft  history.  And  the  airborne  integrated  data  system  quick  access  recorder  compiles  engine 
data  on  tape  cassettes.  It  can  also  be  used  to  record  any  of  the  crash  data  parameters  collected  for  maintenance  actions. 

The  control  pedestal  between  the  pilots  contains  the  throttle  levers,  radio  controls  for  presetting  up  to  20  frequencies, 
and  the  mission  computer  keyboards.  The  three  redundant  mission  computers  continuously  cross-check  each  other  for  accu¬ 
racy.  They  can  be  accessed  manually  by  two  keyboards,  while  flight  planning  data  can  be  entered  from  outside  sources  with 
a  laptop  computer. 

Information  from  the  aircraft  computers  is  shown  on  the  two  head-up.  four  multifunction,  and  four  mission  computer  dis¬ 
plays.  The  mission  computer  displays  are  on  the  forward  pedestal.  These  displays  have  touch-button  controls  with  “pages"  of 
information  on  frequencies,  routes,  airfields,  reference  points,  and  navigational  aids. 

The  navigation  system  enables  the  two-pilot  crew  to  conduct  all  airlift  missions.  It  provides  all-weather,  worldwide  naviga¬ 
tion  capability  for  short-range,  long-range  over  land  and  water,  and  rendezvous  and  airdrop/airland  missions.  The  system  is 
composed  of  four  inertial  reference  units,  the  mission  computers,  the  Global  Positioning  System,  weather  radar,  conventional 
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navigation  radios  for  very  high  frequency  (VHF)  omnidirectional  range  ( VOR)  and  distance  measuring  equipment  (DME), 
station-keeping  equipment,  and  two  combined  altitude  radar  altimeters. 

SURVIVABILITY 

The  C-17  is  designed  for  routine  operations  in  the  severe  environments  of  the  forward  areas  where  land  force  commanders 
need  airlift  support  (Figure  15).  Aircrews  can  routinely  train  for  low-level  operations  because  the  structure  of  the  C-17  is 
designed  for  these  maneuvers  (Figure  16).  Because  it  has  a  short-field  takeoff  and  landing  capability,  the  C-17  can  be  diverted 
to  adjacent  airfields  when  the  desired  airfield  is  unsuitable  or  is  not  available.  At  gross  weights  of  181,439  kilograms,  the  C-17 
has  a  3-g  capability  at  350  knots.  Since  the  C-17  can  carry  four  times  the  payload  of  a  C-130,  only  one  aircraft  need  make  a 
flight  for  such  a  payload,  exposing  only  three  aircrew  members  instead  of  20  and  eliminating  the  risk  of  a  succeeding  aircraft 
being  engaged  by  an  alerted  enemy.  The  C-17  also  spends  minimal  time  in  the  most  vulnerable  area  -  the  forward  austere 
airfield  —  as  it  is  designed  for  drive-off  equipment  or  the  “combat  off-load*’  of  pallets,  eliminating  the  need  for  material  han¬ 
dling  equipment.  The  other  design  features  of  the  C-17  such  as  the  onboard  inert  gas  generating  system  (OBIOGS)  also  support 
the  utility  of  the  C-17  in  austere  airfields. 
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FIGURE  15.  DESIGN  REQUIREMENTS  FOR  C-17  LIFETIME  OPERATIONS 


AIRFIELD  FLEXIBILITY 


LOW-LEVEL  TRAINING  AND  OPERATIONS 


LARGE  PAYLOAD  -  SINGLE  AIRCRAFT 


MINIMAL  AIRFIELD  TIME 


FIGURE  16.  DESIGN  REQUIREMENTS  FOR  BATTLEFIELD  SURVIVABILITY 


The  C-17  is  less  vulnerable  than  older  aircraft  because  it  has  a  fuel  system  with  compartmented  fuel  tanks  that  are  inerted 
by  OBIGGS.  There  are  two  boost  pumps  per  tank  and  any  one  pump  can  supply  two  engines.  It  has  four  independent  hydraulic 
systems  and  12  pumps,  and  the  plane  can  continue  to  fly  with  only  one  hydraulic  system  and  one  pump  operating.  The  structure 
has  a  damage-tolerant  design  with  multiple  load  paths.  The  propulsion  systems  are  well  separated  and  shielded.  There  are 


four  engine  generator!  end  one  auxiliary  power  unit  (APU)  generator  —  any  two  will  fully  power  all  systems  and  the  battery 
alone  will  power  all  essential  systems  for  30  minutes.  The  quad  redundant  flight  controls  hast  mechanical  backup. 

The  Air  Force  is  evaluating  options  for  equipping  a  selected  number  of  C- 17  aircraft  with  defensive  systems.  Space  is  pro* 
vided  on  the  pedestal  for  controls,  and  space,  weight,  and  power  requirements  have  been  considered  for  a  nominal  system. 
The  systems  under  consideration  include  missile  warning  receivers  and  Rare  dispensing  equipment. 

MAINTAINABILITY 

In  addition  to  its  performance  capabilities,  the  most  important  aspect  of  the  C- 1?  is  its  designed-in  maintainability  features 
to  ensure  lowest  possible  life-cycle  costs.  Maintainability  features  aimed  at  sustaining  a  high  availability  rate  and  providing 
ease  of  maintenances  include  227  access  panels  and  doors,  an  integral  ladder  in  the  vertical  tail,  and  an  underfloor  passageway. 
Easily  accessible  servicing  point  locations  make  it  possible  to  meet  quick  turnaround  requirements.  Maintenance  problems 
are  identified  by  a  comprehensive  centrally  reported  built-in-test  system.  Efforts  are  under  way  to  automate  technical  and  logis¬ 
tics  data  for  ease  of  management  through  the  computer-aided  acquisition  and  logistics  support  system.  Additionally,  the  C-17 
does  not  require  a  jack  for  the  main  landing  gear  as  the  aircraft  can  jack  itself  for  tire  changes.  OB1CGS  eliminates  the  need 
for  nitrogen  replenishments.  The  designed-in  maintainability  features  in  the  C-17  allow  rapid  replacement  of  maintenance- 
significant  items  at  the  forward  or  deployed  base  environment  with  a  minimum  of  support  equipment.  The  C-17  is  expected 
to  operate  at  a  significantly  lower  number  of  maintenance  man-hours  per  flight  hour  when  compared  to  comparable  aircraft 
in  the  Air  Force  inventory.  The  overall  design  and  built-in  features  of  the  C-17  ensure  the  lowest  possible  operation  and  support 
costs  for  its  entire  life-cycle. 

FLEXIBILITY 

Derivative  applications  that  are  not  part  of  the  Air  Force  C-17  contract  are  under  review  at  McDonnell  Douglas.  Some 
of  these  are:  a  combination  transport/tanker  that  incorporates  hose  and  drogue  pods  from  the  existing  hard  points  on  the  wing, 
a  special  mission  variant  that  incorporates  a  double  deck  and  can  be  used  for  medical,  communications  and  control,  or  search 
and  rescue  missions. 

The  Air  Force  plans  to  buy  120  aircraft  through  tae  year  1997.  The  first  flight  is  planned  for  1991 ,  with  a  12-aircraft  squad¬ 
ron  operational  in  1993. 
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SUMMARY 


Tha  paper  reviews  prograss  sada  Initially  by  tha  Future  International  Military 
Alrllftar  (FIMA)  Oroup  and,  since  1999,  by  its  successor  tha  European  Future  Large 
Aircraft  Oroup  (EUROFLAO),  in  studying  tha  '  potential  for  development  of  a 
collaborative  prograane  to  satisfy  airlift  raquireaanta  tor  the  31st  century. 
EUROFLAO  studies  indicate  that  future  Military  transport  and  other  FLA  designs  based 
on  ald-1990a,  aodern  but  proven  technology  standards,  can  provide  a  greatly  enhanced 
airlift  capability  at  significantly  loner  fleet  life  cycle  costs  and  with  aajor 
Manpower  savings  eoaperad  with  aircraft  in  service  today.  Ihese  attributes  are 
laportant  in  a  world  climate  of  shrinking  defence  budgets,  growing  Manpower  shortages 
and  defence  scenario  uncertainties.  European  or  transatlantic  collaboration  to 
develop  and  Manufacture  suah  aircraft  la  seen  as  tha  soat  economical  wgy  for  air 
forces  to  obtain  the  operational  capability  required  at  the  lowest  cost,  /jy-  . 

INTRODUCTION  ’/WX'J’ta*  .4  TV  ,  evcuP"i(\\j 

—————  (J  ci  *  ^ 
In  December  19S2,  four  companies,  Aerospatiale.  British  Aerospace,  Lockheed  and 
Mesaerschaitt-Bolkow-Blohm  (now  renamed  Deutsche  Airbus),  signed  a  Memorandum  of 
Understanding  (MOU)  which  provided  a  springboard  for  joint  studies  into  future 
military  transport  needs,  possible  solutions  and  collaboration  opportunities.  In 
1987,  the  group  was  expanded  to  six  companies  when  it  was  joined  by  Aerltalla  and 
CASA.  In  1989,  Lockheed  left  the  group  by  Mutual  agreeaent,  and  the  five  European 
Companies  signed  a  new  MOU  under  the  title  European  Future  Large  Aircraft  Oroup 
(EUROFLAO).  The  work  reviewed  in  this  paper  draws  on  the  experience  and  the  results 
of  past  studies  and  focuses  on  sons  of  the  key  issues  addressed.  The  companies  have 
concentrated  their  attention  on  the  needs  for  transport  aircraft  in  the  C-130 
Hercules  and  C160  Tranaall  class  -  sometimes  referred  to  as  medium-airlift  -  and  on 
slMilar-aisad  corollary  role  aircraft  (eg  tankers,  and  LRMPA) . 


Throughout  the  paper,  reference  la  made  to  "Future  Large  Aircraft"  (FLA).  This  is  a 
generic  term  used  by  the  FLA  Exploratory  Oroup  (flako)  of  the  Independent  European 
Prograsme  Group  (IEPG)  to  describe  future,  mediua-slse  (approx  75-12S  tonnes  MTON) 
transport  aircraft,  and  derivatives  intended  for  tanker,  maritime  patrol,  airborne 
early  warning,  electronic  reconnaissance  or  other  FLA  roles. 


THE  EUROPEAN  INDUSTRIAL  OROUP  -  EUROFLAO 


Aerltalla,  Aerospatiale,  British  Aerospace,  CASA  and  Deutsche  Airbus  are  an 
industrial  group  with  wide  experience  in  military  and  civil  international 
collaborative  projects.  It  is  the  Group's  intention  to  fora  a  limited  liability 
company  in  Rose,  Italy.  This  will  strengthen  their  ability  to  engage  jointly  in  all 
activities  necessary  to  achieve  a  prograaae  for  aediua-sised  military  transport 
aircraft  and  any  derivatives.  It  will  provide  a  single  point  of  contact  between 
EUROFLAO  and  other  companies  and  agencies.  Whereas,  even  now,  the  companies  consult 
and  act  in  unison  on  all  matters  concerning  the  programme,  the  formation  of  a  single 
EUROFLAG  company  and  headquarters  will  further  assist  collaboration. 


The  aiae  of  EUROFLAG  are  to  cc-operate  in  requirenents  definition,  engineering, 
production,  cuctoaer  support  and  Marketing  for  FLA.  The  group's  task  includes  the 
determination  of  technology  readiness,  the  development  of  aircraft  configuration 
options,  business  plans  and  possible  collaboration  agreements.  SUROFLAG  represents 
the  partner  companies  collectively  to  third  parties.  The  EUROFLAO  organisation  is 
currently  at  three  main  levels.  At  the  senior  management  level  there  is  an 
Executive  Board  (EB)  consisting  of  the  Managing  Directors  (or  equivalent  titles)  of 
the  five  companies  of  the  group.  Tha  EB  decides  and  directs  the  overall  programme 
strategy  and  the  level  of  effort.  Below  that  is  a  EUROFLAG  Management  Committee 
(NC)  which  manages  the  work  prograaae.  Joint  Working  Groups  (WGs)  of  specialists 
undertake  the  day-to-day  work  on  a  shared  basis.  This  Method  of  co-operation  is 
econoalcal  and  works  well.  Through  long-standing  co-operation,  EUROFLAG  partner 
companies  have  developed  a  bond  of  Mutual  confidence  and  understanding.  EUROFLAG 
eabraces  all  the  aajor  partners  who  are  also  involved  in  the  Airbus  programme,  and 
are  in  the  forefront  of  aerospace  design,  technology  and  development,  world-wide. 
Technology  and  experience  of  the  Airbus  A320,  A330  and  A340  programmes  are  being 
applied  to  and  will  directly  benefit  the  European  FLA  project.  Additionally,  work 
by  EUROFLAG  companies  on  military  conbat  aircraft  such  as  Tornado  and  EFA  will  also 
have  application  to  FLA.  Hence,  the  sum  of  modern  technology  experience  across  a 
broad  range  of  military  and  civil  programmes  in  which  the  EUROFLAG  companies  are  or 
have  been  involved,  can  converge  and  focus  on  a  European  FLA  prograaae. 
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THE  MARKET 

Beginning  In  the  late  1990s,  about  1250  medium-si  as  military  transport  aircraft,  200 
tankers  and  60  aarltlaa  raconnaiaaanea  aircraft  In  aarvica  In  NATO  and  the  raat  of 
the  world  will  become  dua  for  retirement  and  replacement)  this  excludes  Eastern 
Europe,  the  USSR  and  the  Peoples  Republic  of  China.  in  addition,  there  are  some  700 
long  range  maritime  patrol  aircraft  of  which  400  are  operated  by  the  U8N.  while  the 
transport  market  alone  could  support  mors  than  ona  type  world-wide,  It  would  be  more 
economical  for  Western  air  forces  to  agree  upon  a  single  transport  aircraft  design. 

FUTURE  AIRLIFT  MISSION  MEEDS 

Whether  in  the  context  of  Alliance  or  'out-of-area'  operations,  in  times  of 
threatened  hostility  or  war,  a  nation's  military  airlift  Is  likely  to  be  required  at 
short  notice  to  deploy  army  and  air  forces  rapidly  to  their  required  operational 
areas  or  forward  operating  bases.  These  say  be  only  a  few  hundreds  of  miles 
distant,  or  several  thousand.  Deploying  forces  oust  take  with  them  their  vehicles, 
artillery,  anti-aircraft  defence  systems,  helicopters,  stores  and  ammunition,  to 
provide  their  mobility  and  fighting  capability.  Deployed  air  force  squadrons 
likewise  need  all  their  maintenance  personnel,  ground  support  and  teat  equipment, 
spares,  vehicles,  ammunition,  bombs,  missiles,  additional  drop  tanks,  etc  to  be 
airlifted  to  deployment  bases  in  the  shortest  time  possible  to  allow  aircraft  to 
become  combat  ready  Immediately  on  arrival.  The  moving  of  troops  and  air  force 
ground-crews  themselves  is  not  usually  a  major  airlift  problem.  The  main  factor  to 
Influence  the  time  required  to  complete  an  airlift,  is  a  transport  fleet's  capacity 
to  carry,  firstly,  large  numbers  of  vehicles,  trailers,  towed  equipments,  containers, 
cabins,  plant  and  similar  equipments,  many  of  which  ars  bulky  and  low  in  density)  a 
force  of  2500  troops  could  typically  require  up  to  1000  vehicles,  trailers  etc,  to  be 
airlifted  in  the  initial  deployment.  Secondly,  high  tonnages  of  palletised 
ammunition;  the  airlifting  of  anything  from  400  to  3000  tonnes  of  ammunition  and  up 
to  1000  tonnes  of  stores,  is  typically  required. 

Once  deployed,  ground  end  air  forces  must  be  re-supplied.  Casualties  (and  even 
prisoners  or  war)  need  to  be  evacuated  quickly,  and  on  a  regular  or  daily  basis.  A 
shortags  of  arrival-time  slots,  congestion,  and  a  lack  of  cargo  handling  facilitlss 
at  forward  airflslds  ars  common  problems  in  airlift  deployment  and  re-supply 
operations.  Optimisation  of  the  transport  aircraft's  cargo  hold  to  maximise  its 
payload-carrying,  delivery  and  pick-up  capabilities,  will  be  key  factors  in 
determining  the  aircraft's  sfficiency  and  coat  effectiveness. 

Range,  too,  is  important.  Too  little  range  may  restrict  the  routes  over  which  the 
aircraft  can  operate,  or  significant  payload  weights  may  hava  to  bs  sacrificed  for 
fuel  thus  extending  the  completion  time  of  airlifts.  Avoiding  the  need  to  refuel  at 
forward  operating  bases  or  airstrips  can  be  important  where  fuel  stocks  are  limited, 
airfields  are  congested,  fuel  bowsers  are  scarce,  or  survivability  considerations 
necessitate  aircraft  remaining  on  the  ground  for  the  shortest  time  possible. 
Another  consideration  ie  that  most  air  forces  cannot  afford  to  operate  more  than  one 
main  military  cargo  transport  aircraft  type.  Moreover,  very  large  strategic 
airlifters,  such  as  the  C-5B  and  C-17,  have  a  much  greater  capacity  than  air  forces 
outside  the  USA  can,  in  general,  utilise  economically  in  peactime.  Hence,  the  future 
tactran's  range  will  have  to  be  adequate  with  a  substantial  payload,  not  only  to 
cover  the  extremities  of  the  NATO  area  but  beyond,  to  national,  out-of-area 
locations.  A  future  'tactical'  transport  is  therefore  likely  to  have  a 
payload-range  in  the  order  of  2200-2500nm.  A  long  range  capability  has  the  added 
benefits  of  enabling  tactical  missions  to  be  flown  at  low  altitude  without  the  need 
to  refuel  at  forward  airstrips.  This  increases  mission  rates  and  reduces 
vulnerability. 

Speed,  also,  is  important.  Faster  cruising  speeds  reduce  sortie  times  and  crew  and 
passenger  fatigue,  and  more  sorties  can  be  flown  by  each  aircraft  and  crew  per  day 
over  a  given  stage  length.  This  reduces  airlift  completion  times  and  requires  fewer 
aircraft  to  carry  out  a  particular  airlift.  This  increases  operational  flexibility 
within  a  given  fleet  sice  by  releasing  aircraft  to  do  other  concurrently  required 
tasks.  Some  reduction  in  crewiaircraft  ratio  may  also  be  possible  without  loss  of 
operational  capabili  y.  Since  airlift  tasks  can  be  completed  in  fewer  flight  hours, 
maintenance  man-hours  per  airlift  task  in  peacetime  will  also  be  reduced. 

In  addition  to  air-landed  deployment,  rasupply  and  recovery  operations,  there  will  be 
a  continuing  naed  for  military  transports  to  be  able  to  airdrop  paratroops,  heavy 
equipments  and  supplies  in  large  quantities,  and  accurately,  including  at  night. 
Forces  may  become  largely  or  wholly  dependent  on  resupply  or  recovery,  by  air. 
However,  the  increased  numbers  and  lethality  of  hand-held  and  mobile  anti-aircraft 
weapons  and  small  arms,  common  in  armies  everywhere  including  the  third  world,  demand 
that  greater  attention  be  given  to  increasing  the  survivability  of  future  tactical 
transport  aircraft  which  at  times  will  have  to  be  flown  in  risky  or  hostile  areas. 
Major  survivability  improvements  can  be  built  into  a  totally  new  tactran  by 
damage-tolerant  design  of  the  structure  and  systems.  Threat  avoidance  can  be 
increased  by  designing  and  equipping  the  aircraft  to  manoeuvre  and  fly  safely  and 
faster  than  today,  at  low  level,  including  at  night  and  in  all  weather,  and  by 
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providing  it  with  defensive  systems  and  craw  protection.  Modern  anginas  can  provide 
an  FLA  tactran  with  a  radius-of-action  of  700-1000nm  at  200  ft  with  typical  tactical 
payloads.  In  general,  therefore,  there  is  both  the  likely  need  and  the  capability 
to  design  a  new  generation  FLA  with  significantly  greater  levels  of  survivability  and 
reduced  vulnerability  coapared  with  currant  tactical  transports  and  fleets  of  adapted 
civil  aircraft. 

RATIONALISATION  OF  FUTURE  LARGE  AIRCRAFT  FLEETS 


The  draft  Outline  European  Staff  Target  (OEST)  for  "Future  Large  Aircraft" ,  prepared 
jointly  by  the  Ministries  of  Defence  of  Belglue,  Franoa,  West  Qeraany,  Italy,  Spain, 
Turkey  and  the  United  Kingdoe,  was  issued  in  April  1988.  The  OL3T  covers 
requirements  for  a  tactical  transport  (Tactran)  and  a  tanker  variant.  It  recognises 
the  advantages  and  potential  for  the  development  from  a  transport  aircraft,  of  FLA 
derivatives  for  other  large  aircraft  roles  (eg  tanker  and  LRMP) .  It  acknowledges 
that  some  interchange  between  these  roles  could  also  be  possible;  for  example,  the 
re-roling  of  tactran*  for  tanking.  The  FLA  fleet  rationalisation  concept,  which  has 
the  potential  for  reducing  fleet  life  cycle  cost  (LCC),  is  stated  as  an  objective  in 
NATO  Euro  Longterm  Air  Sub-Group  Sub-Concept  Paper  ELT-72  dated  29  September  19S6  - 
Rationalisation  of  the  NATO  Fleet  of  Large  Aircraft.  EUROFLAQ,  too,  recognises  the 
benefits  of  fleet  rationalisation.  While  design-driving  requirement,  for  the 
transport  aircraft  must  be  over-riding,  resultant  basic  designs  can  be  examined  for 
their  suitability,  with  minor  or  major  modifications,  as  corollary  role  derivatives 
or  variants.  If  certain  changes  to  the  basic  aircraft  or  its  performance  can 
improve  its  potential  for  other  roles  without  significant  detriment  to  its 
cost-effectiveness  as  a  military  airlifter,  such  changes  can  and  should  be  considered 
early  in  the  design  phase.  The  logistics,  operational,  training  and  LCC  advantages 
of  reducing  the  numbers  of  types  of  aircraft  (and  engines)  within  air  forces  are 
self-evident.  Preliminary  Indications  within  EUROFLAQ  are  tnat  an  efficient  tanker 
variant  could  be  derived  from  a  modern  FLA  transport;  this  could  take  the  fora  of  a  2 
or  3  point  tanker/ transport,  or  a  specialised  3  or  4  point  drogue  and  boom  tanker, 
with  a  fuel  transfer  capability  of  40000-50000  Kg  ( 8B000-110000  lb)  at  300-450  nm 
radius-of-action .  Such  an  aircraft  could  operate  from  relatively  small  airfields 
(and  even  semi-prepared  airstrips)  and,  being  intended  as  a  military  aircraft,  would 
have  a  high  level  of  survivability  built  into  the  design  compared  with  present-day 
tankers.  EUROFLAG  will  continue  to  examine  possible  future  tactran  designs  for 
their  suitability  for  corollary  roles,  especially  air-to-air  refuelling  (AAR)  tankers 
and  long  range  maritime  patrol  (LRMP). 

SATISFYING  FUTURE  OPERATIONAL  REQUIREMENTS  -  EUROPEAN  FLA 

A  number  of  key  characteristics  for  a  future  tactical  transport  have  been  identified 
by  European  air  forcee  in  the  FLA  OEST,  and  some  of  these  are  briefly  mentioned. 
The  aircraft  is  required  to  be  simple  and  rugged  incorporating  modern,  proven 
technology  of  the  mid  1990a.  It  must  have  a  greater  payload  and  cargo  hold  capacity 
than  the  C-130  and  C160.  An  enhanced  fleet  airlift  capability  is  required  at  lower 
fleet  LCC.  The  aircraft  should  incorporate  substantial  improvements  in  reliability, 
maintainability  and  availability,  and  major  savings  in  maintenance  manpower. 
Improved  rough-field  performance  and  ground  manoeuvrability  are  required,  with  the 
ability  to  carry  a  20-25  tome  payload  into  CBR6  airstrips  760-900m  in  length.  A 
hi.*'  cruise  speed  is  called  for,  typically  400-450  KTAS  at  30000  to  36000  ft,  and 
300-350  KTAS  at  low  level;  the  aircraft  should  be  capsbls  of  all-weather  operation, 
day  and  night.  Threat  detection  and  avoidance  with  improved  manoeuvrability 
(including  a  3g  manoeuvre  factor),  crew  protection  and  defensive  systems,  are  also 
required.  Fly-by-wire  or  fly-by-light  control  systems,  and  a  2-man  'glass'  cockpit, 
are  expected. 

The  challenge  is  to  find  the  best  compromise  for  an  efficient  and  affordable 
solution.  Some  of  E'-rope's  key  requirements  (Fig  1-6),  are  somewhat  separated, 
iiowever,  these  are  'indicative'  requirements,  and  in  some  cases  nations  have  already 
stipulated  a  brrcket  around  which  a  compromise  can  be  found.  Gome  relaxation  of  one 
or  two  of  the  more  demanding  requirements  is  already  known  to  be  under  consideration. 
Others  may  represent  little  more  than  a  provisional  'wish  list'  since 
cost-veraue-capaoility  trade-offs  have  not  been  carried  out  and  the  comparative  costs 
are  not  known  by  air  forces;  this  is  work,  that  EUROFLAG  ha*  advocated.  However,  the 
general  pattern  is  clear.  Air  forces  need  an  aircraft  with  a  design  payload  of  20 
to  25  tonnes.  This  implies  a  required  increase  in  actual  payload-carrying 
capability  of  between  40  and  75  percent  compared  with  that  typically  achieved  by  the 
C-130  and  C160  with  average  dens. cy  payloads.  A  20-25  tonne  payload  equates 
approximately  to  a  carrying-capability  of  8-9  pallets  (88  x  108  in)  plus  35  to  55 
troops.  Increased  c  bin  height  and  an  unobstructed  cross-section  are  reeded  to 
accommodate  large  trucks  and  medium  helicopters  of  the  Super  Puma,  PAH-2,  Black  Hawk, 
Apache  class,  without  removal  of  ihe  gearbox  etc.  All  air  forces  are  asking  for  a 
significantly  wider  floor  then  the  C-130  and  C160;  between  3.66m  (144  in)  and  4.0m 
(157  in)  is  moat  commonly  required,  compared  with  the  current  3.13m  (123  in)  floor 
width. 

The  advanragss  of  a  wider  floor  ere  illustrated,  first,  et  Fig  7.  On  the  left  is 
shown  the  croas-sertion  of  current  aircraft.  Only  if  pallets  are  lraded  ir.  the 
?.24m  (88  i*. )  configuration  oar.  passengers  ba  accommodated  in  side-’ all  seating. 
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Similarly/  common  light  military  vehicles  of  the  UMM490,  FIAT  1107/  VW  litis, 
Landrover,  VLTT  sice,  and  their  associated  trailers,  can  mostly  be  loaded  only  in  a 
single  row,  resulting  in  low  payloads.  These  and  other  vehicles  are  commonly 
required  to  be  deployed  in  large  numbers;  using  today's  aircraft  they  typically 
constitute  25-40  percent  of  the  total  sorties  required  for  major  army  deployments . 
The  ability  to  double-row  light  vehicles  and  towed  equipments,  and  to  seat  troops  on 
both  sides  of  pallets  loaded  in  the  2.74m  (108  in)  conf iguraton,  can  achieve  major 
increases  in  payload  uplift  per  sortie.  This  will  significantly  reduce  airlift 
completion  times,  cut  the  numbers  of  sorties  required,  reduce  demands  on  end 
congestion  at  forward  airfields,  and  ameliorate  airlift  concurrency  deficiencies 
acknowledged  in  the  OEST.  The  percentage  of  light  vehicle  types  which  can  typically 
be  loaded  side-by-side  and  the  percentage  gain  in  payload,  on  various  floor  widths, 
are  shown  at  Fig  8. 

European  air  forces  have  not  yet  agreed  a  common,  design  payload-range  or  radius  of 
action  for  the  FLA  tactran .  Instead,  they  have  individually  specified  certain  high 
priority  mission  profiles  which  they  would  wish  to  be  able  to  fly  unrefuelled.  As 
the  payload-range  graph  at  Figure  9  shows,  uome  are  more  demanding  than  others; 
moreover,  the  payload  or  range  requirements  of  some  of  the  longer  range  missions  are 
expected  to  be  relaxed.  Ultimately,  all  nations'  payload  range  and  other  key 
requirements  are  likely  to  be  sufficiently  close  to  be  met  efficiently  by  a  single 
aircraft  design.  In  a  transport  aircraft,  few  performance  requirements  can  be 
regarded  as  'absolute',  so  that  some  compromise  is  almost  always  possible  without 
major  detrimental  effects. 

EUROFLAG  DESIGN  CONCEPTS 

A  range  of  different  design  concepts  have  been  examined.  In  1982,  the  assumed 
spread  of  performance  requirements  was  more  widely  separated  than  today.  Because  of 
this,  early  conceptual  design  studies  began  with  a  pair  of  aircraft:  a  twin-engined 
turbofan  transport  and  a  larger,  more  capable  4-engine  turbofan  aircraft.  This  dual 
solution  was  aimed  at  satisfying  both  the  least  and  the  most  demanding  ends  of  the 
spectrum;  it  resulted  in  almost  no  commonality  between  the  two  aircraft.  Companies 
then  examined  modular  solutions  with  as  much  commonality  as  possible  with  the  aim  of 
defining  a  more  economical  programme.  Combinations  of  aircraft  with  2,  3  and  4 
turbofan  engines,  and  4  turboprops  or  propfans  with  single  or  counter-rotating 
propellers,  were  all  studied  and  their  likely  coat  compared.  A  later  approach  w;  s  a 
two-aircraft  solution  with  a  common  fuselage  and  common  external  geometry,  but 
different  structural  strengths;  these  became  known  as  the  FIMA  D4P  Base  and  Max,  the 
Max  version  having  a  longer  range. 

The  message  derived  from  this  work  is  that  the  most  cost-effective  solution,  whether 
it  be  2  or  4-engined,  is  for  a  programme  based  on  a  single  aircraft  design  (a 
3-engined  aircraft  is  not  favoured,  for  design,  logistics  and  other  reasons).  Even 
though  some  nations  may  consider  that  a  chosen  common  aircraft  has  more  capability 
than  they  require,  while  others  may  feel  it  falls  a  little  rhort  of  their  optimum 
needs,  analysis  will  show  that  fleet  life  cycle  coet  savings  due  to  fewer  numbers  of 
parts,  bigger  production  runs  and  lower  non-recurring  costs  will  outweigh  the 
detrimental  effect  of  any  excess  or  shortfall  in  the  capability  of  an  individual 
aircraft  design.  What  has  to  be  established  is  where  on  the  fleet  LCC  versus 
capability  curve  the  optimum  solution  lies.  This  can  best  be  determined  by 
specifically  targetted  prefeasibility  trade-off  studies  tasked  upon  EUROFLAG  by  the 
IEPG  Future  Large  Aircraft  Exploratory  Group  (FLAEG)  or  NAFAG  Air  Group  1.  To  meet 
the  FLA  development  schedule  contained  in  the  draft  OEST,  the  commencement  of  such 
studies  is  already  overdue. 

AIRLIFT  IMPROVEMENTS  ATTAINABLE  BY  A  EUROPEAN  FLA 

Paper  No  14  described  some  of  the  possible  alternative  FLA  configurations. 
Attention  was  drawn  to  the  major  impact  of  advances  in  engine  development  over  the 
30-40  years  technology  gap  since  current,  basic  transport  aircraft  designs  were 
fixed.  fnree-view  drawings  of  possible  FLA  tactrans  are  shown  in  Figures  10,  11  and 
12.  MTOW  will  probably  be  between  80-110  tonnes  with  a  wing  area  of  145-200m  . 
The  span  will  be  generally  similar  to  the  C-130  and  C160.  A  major  difference  will 
be  in  the  fuselage  diameter,  about  25  percent  larger  than  the  Hercules  and  Transall. 
Modern  engines  will  allow  an  economical  cruise  speed  of  M=0.72  although  higher  and 
lower  speeds  are  being  considered.  Crjise  speed  at  low  level  is  expected  to  be 
300-350  KTAS .  To  meet  military  requirements,  the  design  payload  range  is  likely  to 
be  2000-2500nm. 

Assuming  a  design  payload  of  20-25  tonnes,  a  floor  width  between  3.66m  (144in)  and 
4.0m  (157  in)  and  an  overall  floor  and  ramp  length  of  between  20m  (65  ft)  and  22m  (72 
ft),  EUROFLAG  modelling  indicates  that  50-100  percent  improvement  in  airlift 
capability  can  be  expected  for  this  general  size  of  aircraft  compared  with  the  C-130 
and  C160.  Studies  of  realistic  military  airlifts  show  that  payload  factors  of  80-95 
percent  will  generally  be  attainable,  even  when  carrying  such  loads  as  soft  skinned 
vehicles  ot  freight  pallets  with  passengers/troops .  A  3 .  Og  manoeuvre  factor  at  20 
to  25  tonnes  payload,  required  by  European  air  forces,  will  provide  .mproved  tactical 
manoeuvrability  and  survivability  at  low  level;  it  can  also  safely  allow  fuel  to  be 
traded  for  above-normal  gross  payloads  (eg  to  carry  extra  ammunition)  over  less  than 
maximum  design  ranges  without  exceeding  the  normal  MTOW. 
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The  European  FLA  la  required  to  supersede  and  improve  upon  tha  C-130  and  C160. 
Airlift  studiaa  carried  out  by  EUROFLAG  using  tha  Britiah  Aaroapaca  Autonated 
Tranaport  Loading  Assessment  System  (ATLAB)  tharafora  have  compered  tha  numbers  of 
aortiaa  required  by  proapaetiva  C-130J  and  FLA  aircraft  to  coaplete  typical  major 
airlift*.  The  raaulta  of  on*  auch  study  ara  shown  in  Fig  13.  With  similar  numbers 
of  aircraft,  a  basalina  European  FLA  with  a  25  tonna  (55000  lb)  design  payload  and  an 
87a  floor  can  coaplata  tha  specified  airlift*  in  about  40  p  ,rcent  fewer  sortiea  and 
well  under  half  the  time  compared  with  a  C-130H  or  J  fleet.  The  expected  reduction 
in  sorties  coaes  from  an  85  percent  increase  in  floor  area,  and  an  80  percent  higher 
aean  achieved  payload  per  sortie.  The  assessed  lean  payload  factor  (payload 
of  fared/payload  actually  carried)  over  these  airlifts  is  0.72  for  the  C-130  and  0.87 
for  the  European  FLA.  The  shortening  of  tha  elapsed  time  for  the  European  FLA  to 
coaplete  the  airlift  is  due  to  40  percent  fewer  sorties,  about  100  knots  higher 
cruise  speed,  and  an  expected  90  percent  Full  Mission  Capable  (MC)  availability  for  a 
aodarn  FLA,  compared  with  78  purcent  assumed  for  tha  C130.  In  general  terms  a 
EUROFLAO  FLA  should  have  a  50-100  percent  greater  airlift  capability  than  the  C-130. 
Superiority  over  the  C160  is  even  greater. 

EXPECTED  SAVINGS  THROUGH  IMPROVED  R  It  M 

According  to  published  figures,  the  current  USAF  nixed  fleet  of  C-130  E  and  H  models 
averages  23.8  MMH/FH.  Other  sources  quote  the  C-130H  at  21  MMH/FH.  Paper  No  14 
covered  RtM  expectations  for  a  European  FLA  in  some  detail;  it  can  be  seen  that  an 
8-fold  improvement  in  MTBM  and  about  a  70  percent  reduction  in  MMH/FH  can  be  expected 
in  a  new  generation  airlifter  compared  with  the  C-130.  This  assumption  is  based  on 
established  in-service  experience  of  Airbus  and  other  modern  aircraft,  with 
allowances  made  for  sisa,  different  military  practices  and  lower  annual  flight  hours. 
Improved  RAM  would  allow  reductions  of  about  70  percent  in  air  force  transport 
fleet  maintenance  effort  and  concomitant  reductions  in  manpower.  This  will  be  an 
important  saving  in  a  climate  of  defence  budget  stringency  and  increasing  skilled 
manpower  shortage*  exacerbated  by  adverse  demographic  trends.  Similar  reductions  in 
MMH/FH,  coats  and  manpower  could  be  expected  for  an  FLA  tanker  and  other  corollary 
role  variants.  While  it  is  not  within  the  scope  of  this  paper  to  discuss  precise 
costs,  on  the  basis  of  comparable  fleet  airlift  capability  it  iB  estimated  that  a 
fleet  of  modern  European  FLA  tactrans  would  show  savings  of  40-50  percent  in  fleet 
LCC  over  a  30-year  period,  compared  with  the  C-130H  (depending  upon  the  particular 
design  selected  and  the  analysis  criteria  used). 

PROSPECTS  FOR  AM  FLA  PROGRAMME 

In  July  1988,  the  FIMA  Group  proposed  a  programme  for  the  development  and 
introduction  into  service  of  a  European  FLA  and  in  May  1989,  proposals  were  made  for 
Prefeasiblity  Studies  (PFS).  Experience,  and  many  official  reports,  indicate  that 
too  little  effort  devoted  to  relatively  low-coat  but  fundamentally  important  studies 
at  tha  outset  of  a  programme  tends  to  lead  to  programme  cost  over-runs  and  delays ; 
avoidable  expenditure  early  in  the  programme  escalates  LCC  unnecessarily  and  cannot 
be  recovered  later. 

An  encouraging  start  was  made  by  the  1EPG  in  1985,  culminating  in  the  completion  of 
the  draft  FLA  Tactran  and  Tanker  OEST  in  July  1987.  The  decision  by  the  NATO 
Conference  of  National  Armament  Directors  (CNAD)  in  late  1989,  to  initiate  action 
within  the  NATO  Air  Forces  Armament  Group  (NAFAG  -  Air  Group  1)  to  consider  the 
replacement  of  medium-lift  and  heavy-lift  transport  aircraft  over  the  next  20  years, 
is  also  welcome.  In  the  USA,  as  rsported  in  Paper  No  2,  a  draft  Statement  of 
Operational  Need  (SON)  for  an  Advanced  Theatre  Transport  (ATT),  a  successor  to  the 
long-serving  C-130,  is  apparently  on  circulation  within  the  USAF  and  US  industry. 
Thera  may  well  be  a  high  degree  of  commonality  of  requirements  between  USAF  and 
European  air  forces;  if  so,  it  will  make  economic  sense  for  both  to  be  satisfied  by  a 
common  transatlantic  collaborative  programme  in  which  EUROFLAG  is  linked  to  a  US 
company . 

The  IEPG  is  expected  shortly  to  initiate  PFS  trade-off  studies  by  industry  to 
harmonise  European  requirements.  By  the  time  this  task  is  completed,  Advanced 
Theater  Transport  Mission  Analysis  (ATTMA)  studies,  which  have  been  underway  in  the 
USA  for  several  years,  should  have  been  finished  and  the  feasibility  of  drawing 
together  requirements  on  both  sides  of  the  Atlantic  into  a  single  programme  can  then 
be  addressed.  The  evidence  so  far  available  is  that  either  European  or  European-US 
programmes  are  viable. 

CONCLUSION 

Soma  800  NATO  tactical  transports  and  140  tankers  are  expected  to  be  retired  fron 
service  and  to  need  replacement  between  1998  and  2015.  This  will  provide  a  unique 
opportunity  to  bridge  a  30-40  year  technology  gap  by  bringing  into  service  new 
generation  FLA  fleets  which  can  provide  savings  in  operating,  support  and  life  cycle 
coats.  Substantial  improvements  will  be  forthcoming  in  airlift  capability  and 
aircraft  performance,  reliability,  maintainability  and  availability.  These  can  lead 
to  a  70  percent  reduction  in  maintenance  effort  allowing  major  cute  to  be  made  in  the 
numbers  of  military  maintenance  and  back-up  personnel.  Compared  with  today's 
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flaets,  batwean  50  and  100  percent  improvement  in  payload  uplift  capability,  25-35 
parcant  higher  cruiaa  speed,  about  a  15-20  parcant  improvement  in  the  Mission  Capable 
(availability)  rata,  and  tha  inoraaaad  aurvivability  of  a  naw  ganaration  FLA,  can 
eliminate  currant  ehort-falla  in  airlift  without  any  increaaea  in  fleat  numbers  and 
at  aignificantly  reducad  flaet  LCC  for  a  given  fleet  airlift  capability.  Thla 
improvement  in  fleet  life-cycle  coat  effectivenaaa  ia  eatimated  to  ba  in  tha  order  of 
40-50  percent.  European  FLA-based  derivative  tanker*  and  other  varianta,  including 
LRMPA,  can  alao  meat  future  force  raquirements  at  reducad  fleet  life-cycle  and 
manpower  coata,  and  achlave  other  econoniaa  through  flaet  rationalisation.  Evan 
allowing  for  aoma  reduction  in  flaet  numbers  from  today,  but  without  any  loaa  in 
fleet  airlift  capability,  a  European  or  tranaatlantic  collaborative  FLA  programme 
would  be  'low  risk'  and  would  provide  significant  long-term  fleat  LCC  aavings. 
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V-22  OPERATIONAL  CAPABILITIES 


Robert  B.  Taylor 
Manager,  V-22  Technology 
8oeing  Helicopters  Di'.  ision 
A  n~DnflC  THE  BOEING  COMPANY 

“  L/  r  UUO  dLQO  Philadelphia,  PA  19142 

I  Hi  ll  ill  III  III  ill  III  III  III  ABSTRACT 

This  paper  describes  the  operational  capabilities  of  the  V-22  Osprey,  the  world's  first  operational  tiitrotor  aircraft. 
The  designed-in  capabilities  of  the  V-22,  plus  its  performance  characteristics,  provide  a  multi-mission  aircraft  that  will 
improve  the  capability  of  all  service  forces  well  into  the  21st  century.  Key  elements  in  providing  a  broad  operational 
capability  are  shipboard  compatibility,  payload-range,  maneuverability,  high  speed  capability  with  an  external  load, 
reduced  vulnerability,  and  "glass  cockpit"  integrated  avionics  for  reduced  pilot  workload  during  day  and  night  mis¬ 
sions.  t,  .  .  (  .  ...  ..  •  ....  . 

BACKGROUND  v  •  '  ,  -  _ 


The  V-22  Osprey  tiitrotor  is  a  revolutionary  new  aircraft  being  developed  by  a  Bell-Boeing  joint  venture  to  provide  a 
multi-service,  multi-mission  aircraft  for  the  U.S.  Department  of  Defense.  Full  scale  development  was  initiated  in  1985 
and  led  to  a  successful  first  flight  on  March  19,  1989.  See  Figures  1  and  2.  Initial  envelope  expansion  was  completed 
in  December  1989  and  the  objective  of  obtaining  250  kts  in  airplane  mode  was  accomplished.  Full  envelope  expan¬ 
sion  is  now  underway  and  will  be  completed  in  1992  with  a  Government  Operational  Evaluation  (OPEVAL)  of  two  of 
the  flight  test  aircraft. 


Figure  1.  V-22  In  VTOL  Mode 
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Figure  2.  V-22  In  Airplane  Mode 
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AIRCRAFT  DESCRIPTION 


The  key  to  the  broad  spectrum  of  capabilities  offered  by  the  Osprey  is  the  unique  combination  of  the  hover  capability 
of  a  helicopter  plus  the  fast  forward  flight  capability  of  a  fixed  wing  airplane.  As  shown  in  Figure  3,  the  tiltrotor  con¬ 
cept  provides  this  dual  capability  by  tilting  the  wing  tip  nacelles.  In  hover  with  the  nacelles  vertical,  the  rotors  provide 
all  the  lift  and  as  the  nacelles  are  tilted  forward,  the  rotors  both  lift  and  propel  the  aircraft.  In  airplane  mode,  the  na¬ 
celles  are  horizontal  and  the  rotors  only  propel  the  aircraft  as  the  wing  provides  all  the  lift. 


•  WITH  THE  WING  TIP  NACELLES  POINTING  VERTICALLY,  THE 
TILTROTOR  OPERATES  LIKE  A  HELICOPTER  WITH  SIDE-BY-SIDE 
ROTORS.  THE  ROTORS  PROVIDE  LIFT  AND  CONTROL. 


The  overall  dimensions  of  the  V-22  are  shown  in  Figure  4.  Each  rotor  consists  of  three  highly  twisted  rotor  blades  of 
composite  structure.  The  rotor  mechanical  control  system  has  standard  helicopter  controls  of  collective  and  cyclic 
pitch.  This  is  shown  in  Figure  5  along  with  the  nacelle  housed  engine  and  transmission.  Each  proprotor  is  driven  di¬ 
rectly  by  an  Allison  T406-AD-400  engine,  rated  at  6150  shp,  through  a  proprotor  gear  box.  An  interconnect  drive 
shaft  located  along  the  aft  portion  of  the  wing  torque  box  allows  one  engine  to  drive  both  rotors,  as  shown  in  Figure 
6,  so  that  continued  safe  flight  can  be  accomplished  on  one  engine. 


Both  the  wing  and  fuselage  are  primarily  composite  structures.  Sixty  percent  of  the  V-22  is  carbon  /  epoxy  and  an  ad¬ 
ditional  10  percent  is  fiberglass.  This  provides  the  V-22  with  the  significant  advantages  of  composite  structure: 
strength-to-weight  ratio,  non  corrosion,  good  fatigue  life  and  damage  tolerance. 
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Fig ura  5.  Rotor,  Hub  and  Mechanical  Controls 


Figura  6.  Power  Train  With  Intartonnaet  Drive  Shaft 

The  V-22  flight  control  system  is  a  digital  triplex  in-line  self-monitored  fly-by-wire  design,  as  shown  in  Figure  7.  The 
primary  flight  control  system  (PFCS)  and  automatic  flight  control  system  (AFCS)  are  separated  to  partition  the  flight 
critical  functions  from  the  mission  and  handling  qualities  enhancement  functions  as  shown  in  Figure  8.  During  flight 
test  development,  an  analog  backup  computer  is  provided  to  give  dissimilar  backup  redundancy  in  case  of  a  generic 
software  fault  in  the  digital  system. 

PERFORMANCE  CHARACTERISTICS 

The  design  configuration  of  the  V-22  results  in  an  aircraft  with  a  unique  combination  of  performance  characteristics 
that  provide  the  potential  to  perform  a  wide  spectrum  of  missions.  Key  performance  characteristics  are  as  follows; 

•  Hover  Gross  Weight 

The  hover  out-of-ground  effect  gross  weight  capability  of  the  V-22  at  sea  level  standard  is  47,800  lbs.  At  the  USMC 
operating  weight  empty  of  32,691  lbs.,  the  useful  load  is  15,109  lbs.  By  increasing  the  tip  speed  from  789. 5  feet 
per  second  to  820  feet  per  second,  the  useful  load  can  be  increased  to  17,509  lbs. 

•  STOl 

With  the  rotors  tilted  forward,  the  V-22  has  a  short  takeoff  and  landing  capability  that  significantly  increases  the 
payload  capacity,  as  shown  in  Figure  9.  Optimum  nacelle  tilt  to  minimize  the  takeoff  roll  is  30  degrees  from  the 
vertical.  In  this  configuration,  the  V-22  is  designed  for  a  takeoff  gross  weight  of  60,500  lbs.  This  allows  for  a  pay- 
load  plus  fuel  capability  of  27,800  lb  or  increased  fuel  capacity  with  additional  fuel  tanks  in  the  cabin  for  self  de¬ 
ployment. 

•  Payload-Range 

The  payload-range  capability  of  the  V-22  is  shown  in  Figure  10.  The  V-22  will  have  a  payload-range  capability 
three  to  four  times  greater  than  the  CH-46,  which  it  replaces  in  the  U.S.  Marine  Co:  ps.  Mission  speed  will  be  twice 
that  of  today's  conventional  helicopter. 


Altitude  -  Airspeed  -  g  Envelope 

Figure  1 1  depicts  the  altitude  airspeed  potential  provided  fey  the  V-3J  The  V-JJ  design  provides  tor  a  IMN  toot 
hover  ceiling  tnd  a  28,000  foot  service  ceiling  m  airplane  mode.  Mae  level  flight  spaed  at  tee  level  ts  273tns  which 
provides  a  level  flight  true  airspeed  capehM%olMQtmat  1MM  teat.  Hie  airspeed -gcapaMny  it  shown  m  Fig¬ 
ure  U  for  the  structural  design  groat  weight  el  >MPQ  Ms.  The  V-tt  is  designed  tor  4  g*s  at  speeds  up  to  shelve 
speed  of  343  kts.  The  higu  nanouvorahility  of  die  v-22  enhances  tSscapehiiSr  so  perform  eeeaett  and  tactwai  rrws 
sions  as  well  at  increasing  evasive  capahMty . 


Figured.  V-22  Flight  Control  Partitioning 
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Figure  9.  V-22  Payload  Plus  Fuel  Capability  With  Short  Takeoff 
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FlguralO.  USMC  Payload-Hang*  Comparison 
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Figure  1 1.  V-22  AIUtud*-Alnp**d  Envelope 


DESIGNED-IN  CAPABILITIES 

Integral  to  the  configuration  are  key  designed-in  capabilities  that  enhance  the  potential  of  the  V-22  to  conduct  a 
wide  range  of  missions. 

e  Shipboard  Compatibility 

A  key  design  driver  for  the  V-22  was  shipboard  compatibility.  As  shown  in  Figure  13,  the  general  dimensions  of 
the  V-22  are  driven  by  clearance  requirements  for  taxi,  takeoff,  and  landing  on  the  LHA  ship  deck.  An  important 
design  feature  that  enhances  shipboard  compatibility  is  turnover  angle.  The  V-22  has  a  turnover  angle  of  28  de¬ 
grees.  This  capability  is  made  possible  by  the  tricycle  landing  gear  design  and  wide  footprint  of  the  main  landing 
gear.  On-deck  operations  of  the  V-22  in  rough  seas  will  be  significantly  enhanced.  The  V-22  has  the  capability  to 
land  on  a  ship  deck  that  is  moving  .3  g's  vertical,  3  degrees  in  pitch,  and  1 5  degrees  in  roll  with  a  45  knot  wind. 


2  7-r. 


The  aircraft  is  designed  to  fold  compactly  for  efficient  stowage  aboard  ship  The  stowing  sequence  is  shown  in  Fig¬ 
ure  14.  The  rotor  blades  are  folded  inboard  over  the  wing,  nacelles  are  rotated  to  cruise  mode,  and  the  wing  is 
then  rotated  clockwise  90  degrees.  The  entire  sequence  is  accomplished  in  90  seconds. 


Figure  14.  Wing  Stow  Sequence 


•  Self  Deployment 

The  V-22  is  designed  for  a  self  deployment  capability  of  2100  nautical  miles.  For  tne  Marine  self  deployment  mis¬ 
sion,  the  fuel  configuration  is  shown  in  Figure  15.  Standard  fuel  capacity  for  the  three  sponson  tanks  and  the  two 
wing  feeder  tanks  is  9,700  lbs  Two  internal  palletized  fuel  tanks  are  added  inside  the  cabin  to  provide  a  total  fuel 
capacity  of  26,234  lbs.  With  this  fuel  configuration,  a  short  takeoff  is  accomplished  at  60,500  lbs  gross  weight. 

•  In-Flight  Refueling 

The  V-22  is  designed  with  two  types  of  in-flight  refueling:  air-to-air  and  hover.  Figure  4  shows  the  refuel¬ 
ing  probe  located  on  the  nose  of  the  aircraft.  Air-to-air  refueling  can  be  accomplished  at  an  average  rate  of  330 
gallons  per  minute  by  the  KC-130,  KC-10  or  other  standard  tanker  aircraft.  Hover  in-flight  refueling  over  land  or 
ship  deck  is  accomplished,  as  shown  in  Figure  16.  The  rescue  hoist,  which  extends  through  the  cabin  side  door,  is 
used  to  haul  the  ground  fuel  line  up  into  the  cabin.  The  ground  fuel  line  is  then  connected  to  the  aircraft  fuel  sys¬ 
tem  through  an  access  port  in  the  cabin  for  fuel  transfer. 

•  High  Speed  External  Load 

The  V-22  is  designed  to  carry  external  loads  faster  than  any  of  today's  helicopters.  A  dual  hook  system  is  provided 
for  a  combined  15,000  lb  load.  Single  hook  capability  is  a  10,000  lb  load.  Examples  of  external  load  configurations 
are  shown  in  Figure  17.  For  the  Marines,  a  key  external  load  for  first  wave  assault  is  the  HMMWV  (high  mobility 
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multi-purpose  wheeled  vehicle).  The  V-22  hat  the  instilled  power  cepebiitty  to  carry  the  HMMWV  to  215  kti  end 
the  HMMWV  has  been  shown  by  wind  tunnel  test  to  be  e  stable  toad  In  a  dual  hook  configuration  at  airspeeds 
higher  than  2 1 5  kts.  High  speed  carriage  of  the  HMMWV  will  significantly  enhance  the  Marines'  first  wave  assault 
capability. 


HMMWV 


Figure  1 7.  V-22  external  loads 

e  Crashworthiness 

A  key  design  element  of  the  V-22  is  the  inherent  crashworthy  design  The  aircraft  is  capable  of  withstanding  a  24 
fps  vertical  landing  and  remain  intact.  For  landings  with  a  higher  descent  velocity,  the  wings  are  designed  to 
break  off  at  the  fuselage  to  relieve  the  force  at  impact.  Both  cockpit  and  cabin  crew  seats  stroke  to  reduce  passen¬ 
ger  vertical  g  loading.  The  stroking  seats  provide  a  14.5  g  capability,  in  addition,  the  fuel  system  is  designed  with 
crashworthy  fuel  cells  and  the  nose  of  the  aircraft  includes  an  anti  plow  bulkhead.  For  ditchings  at  sea,  the  V-22 
has  demonstrated  an  inherent  buoyancy  stability  in  Sea  State  5  (8-12  foot  seas).  Figure  18  shows  a  model  of  the 
V  22  during  ditching  tests,  f  mergency  egress  is  provided  for  both  land  and  water  landings  via  removable  cockpit 
windows  and  cabin  doors,  hatches  and  windows. 


27-S 


Figure  18.  Model  of  \ t-22  During  Ditching  Tests 


•  Vulnerability 

A  significant  reduction  in  vulnerability  is  achieved  on  the  V-22  by  means  of  two  methods  systems  protection  and 
Ballistic  tolerance.  The  V-22  includes  nuclear,  biological,  chemical  NBC  filtration  as  a  part  of  the  overall  environ¬ 
mental  control  system.  For  E3  protection  (electromagnetic  interference,  lightning,  nuclear  electromagnetic  pulse), 
the  V-22  has  been  designed  through  selection  and  application  of  materials  and  electronic  and  electrical  systems 
design  to  perform  satisfactorily  in  the  worldwide  modern  electromagnetic  environment.  Additional  protection 
for  aircraft  systems  is  provided  by  selective  use  of  armor  (pilot/copilot  seats,  swashplate  actuators),  redundancy, 
and  system  separation.  For  example,  the  hydraulic  system  is  designed  to  op^  ate  with  two  failures  by  means  of 
separated,  redundant  systems  and  control  surface  actuators.  Ballistic  tolerance  on  the  V-22  is  enhanced  by  the  use 
of  inerted  fuel  tanks,  self  sealing  fuel  bladders,  hydraulic  ram  protection,  haion  engine  fire  suppression,  and  the 
extensive  use  of  composites  in  the  primary  structure.  The  V-22  airframe  is  designed  for  H El  ballistic  hits  and  will 
continue  to  fly  safely  up  to  limit  load  maneuvers.  The  V-22  is  also  designed  to  survive  armor  piercing  rounds  (API). 

INTEGRATED  COCKPIT  AND  AVIONICS 


Designing  an  aircraft  to  satisfy  the  extremes  of  operator  performance  during  both  daytime  and  nighttime  puts  high 
demands  on  the  cockpit  designers.  To  meet  these  demands,  the  V-22  operational  capabilities  have  been  significantly 
enhanced  through  integration  of  all  avionics  and  systems  control  via  an  all  "glass  cockpit".  Emphasis  has  been  placed 
upon  using  automatior.  and  the  latest  technologies  in  navigation,  guidance  and  control  to  simplify  tasks,  reducing  pi¬ 
lot  workload  to  make  the  aircraft  easier  to  fly,  and  stressing  the  pilot's  role  as  mission  manager.  To  accomplish  this, 
the  integrated  cockpit  and  systems  controls  are  task  oriented  rather  than  hardware  oriented. 

•  Glass  Cockpit 

The  V-22  is  the  first  military  aircraft  to  complete  a  fully  integrated  "glass  cockpit"  (Figure  19).  There  are  no  dedi¬ 
cated  gauges  or  instruments  for  display  of  aircraft  data.  The  Cockpit  Management  System  (CMS)  is  focused  around 
four  (4)  color  Multifunction  Displays  (MFDs)  and  two  (2)  Control  Display  Units  (CDUs).  The  MFDs  provide  the  pri¬ 
mary  interface  with  the  aircraft,  while  the  CDUs  accommodate  all  required  data  entry  tasks.  Each  high-resolution 
MFD  utilizes  a  6-mch  by  6-inch  usable  display  surface  that  is  sunlight  readable  as  well  as  fully  Night  Vision  Goggle 
(NVG)  compatible.  The  CDUs  allow  the  operator  to  make  all  data  entry  through  a  single  device,  via  dedicated 
function  keys  and  a  full  alphanumeric  keypad. 

•  Flelmet  Mounted  Displays 

Another  critical  aspect  of  the  V-22  Cockpit  Management  System  (CMS)  is  the  incorporation  of  two  integrated  Flel¬ 
met  Mounted  Displays  (HMDs).  Each  HMD  will  allow  the  operator  to  fly  "heads-out"  of  the  cockpit  while  display¬ 
ing  critical  flight  symbology,  FUR  video,  and  Night  Vision  Goggle  (NVG)  imagery  directly  in  front  of  his  eye;..  This 
unique  capability  allows  for  V-22  crews  to  perform  all  missions  using  head  controlled  sensor  slewing  and  target¬ 
ing,  which  enhances  threat  avoidance,  rescue  operations,  and  landing  zone  penetrations. 

•  Surveillance  Capabilities 

The  V-22  avionics  suite  includes  a  Forward  Looking  Infrared  (FUR)  system  to  further  compliment  night  operations. 
The  FUR  supports  low  level  flight,  navigation,  and  target  /survivor  location.  For  the  U.S.  Navy  Combat  Search  and 
Rescue  (CSAR)  and  U.S.  Air  Force  Special  Operations  Forces  (SOF)  missions,  a  Multifunction  Radar  provides  naviga¬ 
tion  modes  including  terrain  following  /  terrain  avoidance  (TF  /  TA)  capabilities.  Supplementing  the  sensor  capa¬ 
bilities  is  a  Digital  Map  reference  system  allowing  the  crew  to  continuously  update  their  current  position  with  pin¬ 
point  accuracy. 

The  use  of  these  sensors,  combined  with  the  NVG  capability  afforded  by  an  integrated  helmet,  dramatically  increases 
the  ability  to  fly  low  level  missions  at  night  with  a  minimum  chance  of  detection,  thereby  assuring  mission  success 


Figure  19.  V-2?  Cockpit 


SUMMARY 

The  broad  spectrum  of  operational  capabilities  make  the  V-22  Osprey  a  multi-mission  aircraft  with  both  land  and  ship 
based  applications.  The  combination  of  performance  characteristics  (e  g.,  speed,  range,  payload,  maneuverability) 
plus  designed-in  features  (e.g.,  "glass  cockpit,"  survivability)  result  in  an  aircraft  capable  of  satisfying  many  mission 
requirements  well  into  the  21st  century. 
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The  paper  will  review  the  development  and  use  of  military  tactical  helicopters  from  the 
early  beginnings  to  the  present  day.  It  will  then  cover  the  background  to  the  EH101 
explaining  the  rationale  of  its  design  philosophy  and  the  application  of  technology  and 
equipments  to  meet  the  requirements  of  the  late  '90s  and  the  early  21st  Century. 

Finally  the  paper  will  address  the  operational  capabilities  and  applications  of  the 
EH101  related  to  a  changing  fast-moving  battlefield  environment.  .  tnef ■  1 ) 


MILITARY  ROTARY  WING  DEVELOPMENT 


During  the  1930's  and  40's  rotary  wing  aircraft  developed  slowly  with  only  tentative 
use  by  the  military  of  autogiros  and  helicopters. 


In  1950  the  Korean  War  commenced  and  the  US  Military  employed  several  hundred  Bell  H-13 
helicopters  as  they  policed  the  war  tone  on  behalf  of  the  United  Nations.  This  initial 
force  of  helicopters  was  soon  joined  by  hundreds  of  the  larger  Sikorsky  h-19’s  and 
Piasecki  H-21's  undertaking  the  role  or  support  vehicles  replacing  trucks,  jeeps  and 
ambulances  in  a  road-poor  terrain.  Little  was  done  at  this  time  to  arm  helicopters 
as  they  often  only  had  marginal  performance  to  start  with  but  their  success  in  the 
roles  they  did  carry  out  changed  the  tactics  and  strategy  of  land  warfare  forever. 


The  British  used  helicopters  during  operations  in  Cyprus,  Kenya  and  Malaya  where  less 
than  ideal  hot,  moist  conditions  provided  the  opportunity  to  learn  a  great  deal  about 
operating  parameters. 


The  French  developed  helicopter  tactics  to  a  level  not  seen  before  during  their 
involvement  in  Algeria  and  as  well  as  employing  the  vehicles  in  support  roles  some 
where  armed  with  guns  and  rockets  to  make  them  into  offensive  aircraft. 


Technical  development,  particularly  in  turboshaft  engines,  facilitated  further  change 
to  helicopter  tactics  which  was  applied  during  the  Vietnam  conflict.  Greater  payload 
and  improved  performance  was  now  available  and  with  the  need  for  the  suppression 
from  the  air  of  the  Viet  Cong  who  could  take  effective  cover  in  the  natural  foliage  of 
the  jungles  and  fields,  some  of  the  Bell  HU-1  Huey  helicopters  were  equipped  with  guns 
and  rockets. 


It  was  at  this  time  that  military  commanders  called  for  helicopters  to  be  designed  to 
meet  specific  roles.  The  Bell  UH-1  was  developed  to  become  the  AH-1  Huey  Cobra  and 
since  then  the  concept  of  attack  helicopter  has  led  to  the  McDonnell  Douglas  Apache  in 
the  West  and  the  Mi-24  in  the  Soviet  bloc  countries.  (Ref.  2) 

Logistic  support  helicopters  have  moved  on  from  the  Bell  H-13  to  custom  build  aircraft 
designed  to  lift  very  large  loads,  accepting  internally  up  to  45  troops,  vehicles  or 
palletised  freight  as  well  as  retaining  the  agility  a' j  survivability  so  necessary 
when  entering  active  battlefield  tones. 

EH101  BACKGROUND 

In  the  late  1970' s  the  British  and  Italian  Governments  concluded  studies  on  the  type 
of  helicopter  that  would  be  required  to  replace  the  aging  Westland  Sea  King's  and 
Agusta  SH3D's  for  both  their  Navies.  These  studies  showed' the  need  for  a  larger 
helicopter  with  increased  range,  payload  and  overall  operational  capability.  The  two 
Governments  also  recognised  that  the  development  of  a  new  helicopter  was  a  significant 
event  in  terms  of  cost  and  investment  and  required  that  the  resulting  vehicle  had  the 
widest  possible  application. 

In  1979  Great  Britain  and  Italy,  in  conjunction  with  Agusta  and  Westland,  signed  a 
bilateral  memorandum  of  understanding  to  jointly  undertake  a  feasibility  study  of  the 
design,  development  and  manufacture  of  the  next  generation  of  Anti-Submarine  Warfare 
(ASW)  helicopters.  In  1980  the  two  companies  formed  a  jointly  owned  Company,  European 
Helicopter  Industries',  (EHl)  to  undertake  the  management  of  the  project.  The  two 
companies  through  EHI  also  initiated  an  extensive  market  research  activity  to  establish 
if  markets  existed  for  a  13,600kg  (30,0001b)  class  helicopter.  Desk  work  combined 
with  a  large  number  of  visits  to  defence  and  civil  operators  in  many  parts  of  the  world 
resulted  in  the  confirmation  that  there  was  a  substantial  market  for  an  export  military 
utility  and  commercial  version  of  such  an  aircraft. 

Therefore,  from  these  varied  requirements,  EH101  (Fig.  1)  was  born  resulting  in  the 
helicopter  being  the  first  to  be  developed  jointly  for  military  and  commercial 
operations  from  the  outset. 
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DESIGN  PHILOSOPHY 


Fig  1  EH101 


To  design  e  helicopter  to  meet  the  defending  and  dissimilar  rolea  of  a  naval  A8W 
vehicle,  a  battlefield  tactical  helicopter  and  a  civilian  passenger  variant  called 
for  optimisation.  Therefore,  trade-off  studies  between  variants  were  undertaken  in 
order  to  establish  those  varient  requirements  which  matched  and  those  which  called  for 
a  compromise. 

The  sizing  of  the  vehicle  had  to  be  conaiatent  with  small  ship  operations  and  therefore 
similar  in  external  dimensions  to  the  vehicles  it  was  to  replace.  At  the  same  time, 
increased  cabin  site  was  needed  to  house  additional  equipment  essential  to  achieve  the 
naval  mission  requireaients,  namely,  of  being  completely  autonomous  with  respect  to  the 
ability  to  collate  and  analyse  data  received  by  the  acoustic  aansors,  as  well  as  locate, 
target  and  destroy  enemy  submarines.  This  resulted  in  a  helicopter  with  an  overall 
length  of  21. Bm  (75  feet)  and  15.6m  (52  feet)  with  the  rotors  and  tail  section  folded 
for  shipboard  stowage.  For  comperiaon,  the  8ea  King  is  22.0m  (72  feet  B  inches)  long 
and  14.4m  (47  feet  3  Inches)  long  with  blades  and  tail  section  folded.  The  cabin  of 
the  EH  101  is  6. 4m  (21  feet)  long  and  alsMst  2.4m  (8  feat)  wide,  a  floor  area  which 
provides  ample  room  for  mission  equipment  packages  and  personnel.  The  large  cabin 
is  attractive  from  a  paasenger/troop  carrying  point  of  view  and  will  allow  the  EH101 
to  carry  30  passengers  in  airline  comfort  in  the  civil  variant  and  up  to  35  seated 
troops  in  the  utility  variant  which  Incorporates  a  rear  loading  ramp. 

The  initial  issues  of  stain  rotor  design  were  between  the  need  for  small  ship  operations 
requiring  agility  and  the  need  for  low  vibration.  The  result  was  a  5-bladed  fully 
articulated  rotor  hub  with  a  St  hinge  offset.  The  St  hinge  offset,  which  is  high  for 
an  aircraft  of  its  class,  also  satisfies  the  utility  variant  need  for  agility, 
particularly  whilst  nap  of  the  earth  (NOE)  flying.  Tip  speod  was  next  considered  and 
here  weight,  blade  area  and  transmission  torque  levels  were  in  conflict  with  noise. 

The  problem  was  resolved  largely  in  favour  of  rotor  noise,  thereby  satisfying  both 
civil  noise  legislation  and  reducing  battlefield  signature  for  the  utility  variant. 

The  main  rotor  blades  on  the  EH101  were  derived  from  the  British  Experimental  Rotor 
Programme,  involving  Westland  and  the  Royal  Aircraft  Establishments  (RAE)  at  Bedford 
and  Farnborougn. 

The  availability  of  powerful  coatputer  aided  design  facilities,  the  advent  of  composite 
blades,  and  the  perfection  of  moulding  techniques  enabled  the  designers  to  use  optimum 
distributed  aerofoil  sections  and  a  novel  tip  design  to  produce  a  more  efficient  rotor 
blade.  The  two  old  enemies  to  high  forward  speed  in  helicopters,  retreating  blade 
stall  and  advancing  blade  compressibility  effects,  have  been  pushed  further  back  by 
using  an  efficient  thicker,  reflex  cambered  section  on  the  inboard  part  of  the  blade, 
and  a  thinner  aft  loaded  section  outboard  which  has  better  high  speed  capabilities. 

The  inboard  reflex  camber  effectively  counters  the  pitching  moment  produced  by  the 
outer  art  loaded  section.  The  tip  itself  is  also  thin,  and  overcomes  high  Mach  number 
problems  by  using  the  familiar  technique  of  sweep  back.  In  fact  the  outboard  sweep 
uses  the  shape  familiar  from  Concorde.  Just  sweeping  back  the  tip  would  put  the  centre 
of  pressure  too  far  aft,  giving  imbalance  of  both  mass  and  lift  at  the  tip,  so  a 
forward  stagger  was  evolved  to  overcome  this. 

By  careful  design,  this  also  provided  a  notch,  which  acts  like  a  wing  fence,  isolating 
the  flow  either  aide  of  it.  The  controlled  vortex  thus  generated  at  the  tip  softens 
retreating  blade  stall,  thus  making  penetration  into  the  stall  regime  less  onerous  from 
the  load  and  handling  viewpoint. 

At  high  forward  speed  the  design  increases  rotor  lift  by  about  30t  (in  comparison  with 
a  conventional  blade  of  sistilsr  chord  and  length)  and  aignif ican-.ly  reduces  noise  and 
vibration. 
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Final  main  rotor  design  requirements  centred  about  tha  threa  variant*  performance 
needs.  For  naval  requirements,  a  good  hovar  parformanca  was  naadad  with  low  apead 
conaidarationa  but  high  angina  faiiura  aafaty  margin*  (flyaway  ability),  thia  baing 
critical  for  dipping  aonar  oparationa.  Tha  utility  variant  callad  for  tha  aama 
tranamiaaion  capability  as  tha  naval  but  naadad  a  aubatantial  incraasa  in  installed 
power  to  satisfy  tha  hovar  design  point  for  tha  mission  take-off  performance.  The 
requirement  for  good  flyaway  ability'waa  also  needed  by  the  utility  variant  for  NOE 
flying.  In  power  terms  the  civil  version  was  dependent  on  an  uprated  tranamiaaion 
system  when  compered  with  the  naval  version.  Since  it  also  had  to  deal  with  a  more 
onerous  hovar  environment  than  tha  naval ,  tha  angina  requirement  waa  seen  a*  being 
consistent  with  the  needs  of  tha  utility  variant.  Tha  result  of  integrating  tha 
needs  of  tha  threa  variants  produced  the  following! 


Rotor  diameter 
.  Number  of  blades 

.  Tip  speed 

Transmission 

Engines! 

-  naval 

-  utility/civil 
Blade  de-icing 


18.6m  (61  feet) 

5 

204  m/s  (670  ft/sec) 
3879  KW  (6200  shp) 


3  *  GB  T700-401 
3  X  OE  CT7-6 


The  tail  rotor  of  the  EH101  was  designed  to  provide  the  naval  variant  with  the  ability 
to  hold  heading  in  adverse  wind  states,  at  maxii  urn  mission  weight  with  good  pedal 
margins  plus  the  agility  to  operate  from  the  confined  decks  of  small  ships  in  high  sea 
states.  In  addition,  the  noise  signature  was  minimised  to  a  level  compatible  with  the 
main  rotor  external  noise  and  compliant  with  the  civil  requirements.  Tail  ritor  data 
is  as  follows: 


Rotor  diameter  4.0m  (13  feet  2  inches) 

Number  of  blades  4 

Tip  Speed  198m/s  (650  ft/sec) 

.  Blade  anti-icing 

With  the  requirements  of  the  integrated  programme  firmly  established,  a  review  was 
conducted  of  the  various  regulatory  documents  involving  the  civil  and  military 
authorities  in  the  UK  and  USA.  This  covered  both  design  and  testing  and  resulted  in 
a  defined  single  standard  for  the  EH101  covering  the  requirements  of  AVP  970,  MIL  SPECS, 
BCAR  and  FAR.  The  resultant  document  therefore,  defined  the  common  phllosphy  around 
which  the  military  qualification  and  civil  certification  will  be  based. 

At  all  times,  however,  the  design  philosphy  sought  to  seek  improvements  in: 

.  Performance 

.  Safety  and  Survivabili  ty 

.  Operating  Costs 

.  Reliability  and  Maintainability 

.  Operational  Capability 

This  was  to  be  achieved  through  the  application  of: 

.  3  engi'nes  and  higher  power  margins 

.  Advanced  rotor  technology 

.  Damage  tolerant  airframe  and  dynamic  structure 

.  Greater  system  redundancy 

.  On  board  health  monitoring  systems 

.  Advanced  avionics 

BAT fL 'FIELD  SCENARIO 

No  matter  how  fast,  agile,  adept  at  load  carrying  or  effective  in  dispensing  fire 
power  a  helicopter  is,  it  can  never  hold  ground.  The  purpose  of  a  helicopter  in  a 
battlefield  environment  is  to  act  in  concert  with  ground  troops  and  ensure  that  air 
fxre  support,  troop  reinforcement  and  the  delivery  of  supplies  are  at  the  right  place 
at  the  right  time. 

The  Soviet  forces  employ  three  main  tactics  in  order  to  advance  their  armies. 
Encirclement,  the  exploitation  of  weak  points  or  the  straight  forward  frontal  attack. 

The  exploitation  of  weak  points  Buch  as  the  boundaries  between  two  nationalities' 
armies  or  the  deployment  of  operational  manoeuvre  groups  (OMGs)  who,  via  helicopters, 
pass  over  the  front  line  of  own  troops  (FLOT)  in  order  to  seize  and  hold  ground  until 
relieved  by  their  own  troops  (Ref.  3)  requires  NATO  forces  to  have  on  call  agile, 
large  load  carrying  helicopters,  like  the  EH101,  to  transport  troops  and  freight  in 
order  to  repulse  such  actions. 
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The  initial  identification  and  subsequent  trecking  of  tha  Soviat  PLOT  ia  likaly  to  ba 
difficult  dua  to  tha  high  Mobility  doctrine  adopted  by  tha  Warsaw  Pact  countriaa. 

Support  halicoptara  mat  tharafora  expect  to  find  thaaiaalvaa  operating  cloaa  to  enemy 
force  a  and  to  receive  fire  froai  unexpected  encountera. 

Avoiding  Detection 

The  beat  defence  ia  to  remain  undetected  which  calla  upon  the  highaat  level  of  piloting 
akill  to  use  affective  ground  cover  and  on  an  aircraft  to  ba  capable  of  operating  at  low 
level,  with  low  signature,  at  night  and  in  poor  weather. 

If  detected.  ASP  (aircraft  aurvivability  equipment)  can  offer  protection  but  tha 
aircraft  aiuat  all*'  ha  aa  agile  aa  poaaible  to  avoid  being  hit.  If  hit,  it  must 
ba  able  to  abaorb  damage  and  keep  flying,  and  if  brought  down,  tha  craw  and  paaaangara 
need  the  beat  chance  of  survival. 

For  tha  majority  of  missions,  the  large  cabin  of  the  EH101  will  comfortably  house  the 
payload  to  be  airlifted,  thereby  precluding  the  need  for  an  underalung  load.  Thia 
increases  tha  speed  of  tha  aircraft  from  95  knots  with  an  external  load  to  its  normal 
cruise  speed  of  ISO  knots  aa  well  aa  allowing  the  vehicle  to  travel  HOB  (nap  of  the 
earth).  The  combination  of  these  factors  with  the  5t  hinge  of feet  incorporated  in 
the  main  rotor  hub  and  the  relieving  of  the  pilot's  work  load  through  the  automatic 
flight  control  system  (APCS),  which  allows  more  pilot  attention  to  be  given  to  external 
events,  makes  the  EH101  a  far  more  difficult  target  for  radar  acquisition  devices  to 
pick  up  or  for  manually  directed  fire  to  be  affective.  The  BH101  can  also  avoid 
detection  by  deploying  poor  weather  aa  well  aa  at  night  aa  the  aircraft  will  be  NVG 
compatible. 

The  noise  signature  is  low  and  unobtrusive  for  the  site  of  the  aircraft  thanks  to  the 
relatively  low  blade  tip  speeds. 

Slow  blade  rotation  speeds  on  the  BH101  help  to  minimise  leading  edge  aignature.  (Ref. 4) 
BATTLE  HARDNESS 

Once  detected,  there  are  a  number  of  devices  available  which  either  warn  the  pilot  of 
an  impending  threat  and/or  disrupt  hostile  missiles.  Jammers,  some  of  which  employ 
pulsed  heat  radiation  to  confuse  missiles  whilst  others  detect  and  then  call  upon 
Chaff  or  Flare  to  protect  the  helicopter,  are  optional  fits  to  the  EH101,  as  are 
Hostile  Fire  Indicators,  Laser  Warning  Receivers  and  other  Electronic  Counter/ 
Surveillance  Measures. 

The  aircraft  has  been  designed  to  sustain  a  certain  degree  of  ballistic  damage.  This 
is  achieved  through  the  application  of  greater  system  redundancy  and  damage  tolerant 
airframe  and  dynamic  structures.  In  addition,  the  crew  seats  as  well  as  many  of  the 
critical  system  areas  can  be  armoured  or  shielded. 

Structures 


The  forward  fuselage  is  made  up  of  a  traditional  light  alloy  underfloor  construction 
with  a  fully  composite  glazing  structure,  the  latter  capable  of  withstanding  a  1.8Kg 
(41b)  bird  strike  at  ISO  knots.  The  cabin  section  consists  of  precision  machined 
aluminium  lithium  frames  with  aluminium  honeycomb  sandwich  skin  panels. 

The  structure  is  a  careful  blend  of  traditional  light  alloy  construction  and  the  use 
of  composite  materials  where  they  given  a  significant  advantage. 

The  gearbox  and  engine  fairings  and  cowlings  are  all  composite.  Tests  show  that 
composites  have  better  characteristics  in  respect  to  operation  in  a  high  frequency 
environment,  in  particular  their  slow  crack  propagation  rates  and  fail  safe 
characteristics. 

Multiple  load  path  philosophy  is  incorporated  throughout  the  structure.  The  upper 
structure  ia  designed  with  significant  fore  and  aft  members  joining  the  main  lift 
frames,  but  also  continuing  both  forward  and  aft  to  the  adjacent  frames  as  shown  in 
Fig.  2.  This  permits  significant  vertical  loading  to  be  beamed  to  the  adjacent  frames 
should  the  primary  lift  frames  receive  ballistic  damage  and  fail. 


Secondary  Load 
Patha 


Primary  Load  Patha 


Fig.  2  -  Airframe  Load  Path  Redundancy 


Power  Plant 

The  EH101  is  equipped  with  three  engines  plus  an  APU,  providing  considerable  redundancy 
in  terms  of  safe  continued  flight  following  an  engine  failure.  Layout  of  the  engines 
has  been  carefully  chosen  to  avoid  simultaneous  damage.  In  the  unlikely  event  of  an 
uncontrolled  power  turbine  failure,  the  disc  burst  line  doe3  not  impinge  on  an  adjacent 
engine.  A  single  engine  failure  over  the  battlefield  would  not  call  for  the  mission  to 
be  aborted  nor  prevent  NOE  flying  thus  improving  survivability. 

Dynamics 


The  main  rotor  head  design  orovidea  for  improved  structural  integrity  through  the 
series  of  rings  made  up  from  unidirectional  windings  which  forms  the  two  composite 
plate  structures  attached  to  a  metallic  core.  There  are  five  inner  rings  with  a  single 
outer  ring  around  the  inner  rings.  In  the  event  of  a  failure  of  the  outer  ring,  the 
centrifugal  loads  can  be  taken  through  the  inner  smaller  rings  associated  with  each 
blade  position,  into  the  central  metal  hub  as  shown  in  Fig.  3.  Each  load  path  is 
strong  enough  on  its  own  to  carry  the  centrifugal  loads.  The  elastomeric  centering 
bearing  at  the  end  of  each  metallic  arm,  where  the  blades  are  focused  at  a  5»  hinge 
offset,  allows  flap,  lag  and  torsional  movement.  This  is  also  the  normal  path  for 
lift  and  out  of  plane  loads  through  the  arms  into  the  core.  Should  there  be  a  failure 
of  a  lift  arm,  the  lift  loads  from  the  blades  come  into  the  main  elastomeric  bearing 
for  the  blade.  The  elastomeric  is  mounted  at  the  outer  junction  of  the  two  composite 
plates,  which  effectively  forma  an  'A'  frame  to  take  the  lift  loads  back  into  the  hub. 
The  design  has  produced  a  structure  which  is  roliable,  easy  to  maintain  and  whose 
condition  can  be  assessed  by  inspection  and  if  a  failure  does  occur  in  service,  the 
result  is  a  minor  inconvenience  rather  than  a  major  disaster. 
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rig.  2  Main  Rotor  Head 

Load  path  radundancy  applies  alao  to  the  blade  attachment  bolts  as  shown  in  Fig.  4. 
The  primary  shear  loading  ia  normally  carried  out  by  the  outer  sleeve  but  should  this 
fail,  the  retaining  bolt  is  capable  of  transmitting  the  load  into  the  outer  tension 
link . 
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Fig.  4  Main  Blade  Attachment 
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The  hydraulic  ayatam  la  mada  up  of  threa  Indapandant  Integrated  hydraulic  power 
auppllea,  two  of  which  normally  aupply  the  duplexed  flight  control  eervo  jacket  while 
the  third  circuit  auppllea  the  auxiliary  aervicea.  The  advantages  of  a  third  ayatam 
which  can  if  neceaaary  power  the  main  and  tail  flying  controla  are  that  the  probability 
of  being  reduced  to  a  single  hydraulic  ayatam  la  lowered  from  3  x  10  -  4  (Reasonably 
Probable)  to  2  x  10  -  8  (Extremely  Remote)  and  la  much  more  typical  of  fixed  wing 
flying  controla.  There  la  a  high  degree  of  aeparation  of  the  three  ayetema  to  mlnimiae 
multiple  failures  and  battle  damage. 

Fuel 

Fuel,  under  normal  conditions ,  la  aupplied  to  the  three  engines  from  their  own  dedicated 
tanks  by  duplex  AC  electrical  booster  pumps.  In  the  event  of  a  failure,  the  electrically 
operated  crossfeed  manifold  enables  any  angina  to  be  fed  by  any  pump  or  tank.  The 
integrity  of  the  fuel  supply  la  further  enhanced  by  the  fuel  auction  capability  of  the 
engines . 

The  self-aealing  fuel  tanka,  designed  to  accept  penetration  of  up  to  a  12.7mm  (1/2  inch) 
tumbled  round,  are  housed  in  individual  main  cabin  underfloor  strengthened  bays  with 
little  side  elevation  exposure. 

Transmission 


The  main  gearbox,  as  with  all  helicopter  transmission  systems,  has  a  number  of  single 
load  path  configurations  which  cannot  be  duplicated.  With  the  EH101  gearbox,  four 
vertically  mounted  struts  accept  all  shear  and  moment  loads  and  in  the  event  of  a 
single  strut  failure,  the  remaining  three  struts  accept  the  redistributed  loads.  The 
torque  reaction  is  taken  directly  into  the  aircraft  structure  at  the  cross-members  of 
the  lift  frames  by  a  four  horiaontal  strut  reaction  system  which  places  the  struts  in 
compression.  Again  these  are  sized  to  react  to  the  redistributed  loads  following  a 
single  strut  failure. 

Therefore  the  gearbox  casing  only  hat  to  transmit  torque  reactions  and  not  the  full 
reaction  associated  with  lift,  as  with  the  more  conventional  footed  gearbox.  In 
addition  the  gearbox  casing  weight  is  substantially  reduced  because  its  role  permits  a 
thin  wall  configuration. 

The  gearbox  also  has  two  independent  lubrication  circuits,  each  with  self-contained 
pumps,  sumps  and  filters.  No  external  piping  is  present,  thereby  reducing  the  risk  of 
ballistic  damage.  Should  there  be  a  loss  of  lubricating  fluid,  the  gearbox  has  the 
capability  to  run  for  at  least  30  minutes. 

Electrical 


The  electrical  system  has  been  designed  to  provide  a  power  distribution  system  which 
is  flexible  and  failure  tolerant,  with  a  totally  independent  emergency  back-up  which  is 
not  subject  to  a  time  limitation.  Main  power  is  derived  from  two  generators,  one 
mounted  on  the  drive  from  the  main  rotor  gearbox  and  the  second  is  driven  by  the 
accessory  gearbox.  A  third  lower  rated  generator  is  provided  for  emergency  service 
and  ia  driven  from  the  APU.  The  electrical  system  thus  provides  two  independent  main 
channels  each  capable  of  maintaining  the  total  system  with  reversion  for  the  essential 
supplies  to  the  emergency  generator. 

Flight  Control  System 

The  Automatic  Flight  Control  System  is  designed  to  allow  single  Pilot  IFR  operations 
to  be  carried  out.  The  AFCS  design  is  such  that  the  basic  auto  stabilisation  modes  on 
first  failure  calls  for  no  pilot  action.  The  less  critical  ASE  functions  and  the 
Autopilot  modes  will  achieve  a  6-second  intervention  time  on  first  failure.  All 
facilities  will  meet  a  3.5  second  intervention  time  on  second  failure.  Other  redundancy 
features  are:  ASE  Implementation  is  by  duplexed  series  actuators  inserted  between  the 
pilot  and  the  primary  mechanical  mixing  so  that  axis  segregation  ia  maintained. 
Auto-pilot  functions  and  control  trimming  are  provided  by  a  simplex  parallel  actuator 
on  each  axis.  The  AFCS  architecture  features  two  separate  identical  digital  computer 
units,  each  of  which  have  four  micro-processors,  two  of  one  type  and  two  of  a 
dissimilar  type,  with  software  also  being  dual  sourced;  duo-dual  sourcing  of  this  type 
reduces  the  possibility  of  a  common  mode  failure  to  the  system.  Tho  mechanical  controls 
have  duplicated  large  diameter  (mostly  40mm)  control  rods  which  are  protected  by 
structure. 

Crashworthiness 


Accepting  all  the  measures  taken  to  prevent  a  forced  landing,  such  as  system  redundancy, 
the  employment  of  threat  warning  devices,  piloting  skills  to  avoid  hostile  fire  and  the 
use  of  damage  tolerant  materials,  a  forced  landing  may  still  occur.  The  EH101  has 
therefore  been  designed  to  have  e  high  energy  absorbing  undercarriage  and  structure. 
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Tha  l aval  selected  for  tho  IM101  1*  the  43th  percentile  survivable  ereeh  aa  defined  In 
the  American  Craah  Survivable  Design  Quide,  which  means  that  using  nominal  energy 
abosrbing  eeats,  0.3*  (12  inch  aaat  atroka),  tha  oeoupanta  can  aurviva  a  vartical 
valocity  of  descent  of  10a/ a  ( 32. »ft/sec) . 

Tha  undercarriage  la  daalgnad  to  withstand  vartioal  rataa  of  daaeant  of  3.((m/s 
(12  ft/aae)  without  any  deformation  to  tha  undarcarrlaga  or  fuaalaga  atruotura.  In 
tha  evant  of  a  daaeant  rata  ir  axcaaa  of  3.tCm/a  (12  ft. sec),  tha  undarearriaga  ia 
daaignad  to  prevent  hydraulic  looking,  thereby  allowing  for  aaiiaua  vartioal  energy 
abaorption  by  tha  undercarriage  before  the  forces  era  transmitted  to  tha  fuaalaga 
atruotura.  tvent  «lly,  tha  fuaalaga  will  contact  tha  ground  and,  finally,  tha  100mm. 

( 4in >  of  cruahabla  structure  beneath  tha  fuel  tank  floors  will  deform,  absorbing 
iepaot  energy.  Tha  niOl'a  fuselage  employs  aluminium  lithium  frastaa  because  tha 
material  is  a  good  abeorber  of  impact  energy.  Tha  fuselage  ia  shaped  to  prevent 
ploughing,  and  as  protection  for  tha  occupants  tha  side  walla  buckle  outwards,  whilst 
tho  cockpit  ia  daalgnad  to  prevent  injury  to  tha  craw  from  splinter  fragmentation. 

Tha  main  landing  gear  has  bean  located  outaida  of  tha  oabin  area,  thereby  avoiding 
tha  penetration  of  the  passenger  space  or  tha  fuel  system  under  crash  conditions. 

Tha  fuel  system  ia  alao  designed  to  provide  an  improved  standard  of  crashworthiness. 

Tho  fuel  system  incorporates  self-eealing,  crashworthy  tanks,  braak-away  fillers  and 
self-sealing  frangible  couplings.  In  a  craah  condition,  provision  of  cross-over  fuel 
vents  ensure  there  is  no  fuel  syphoning  in  the  event  of  a  roll-over. 

OPERATIONAL  CAPABILITY 

The  majority  of  nations,  if  not  all,  when  considering  tha  procurement  of  a  new  tactical 
support  helicopter  are  driven  by  the  need  for  a  multi-role  vehicle  which,  accepting 
the  inevitable  oomproaieea ,  will  successfully  achieve  the  majority  of  their  operational 
requirements.  This  multi-role  concept  was  an  initial  consideration  when  planning  the 
utility  version. 

The  large  cabin  with  acceaa  from  a  front  port  airstair  door,  a  large  centrally  located 
starboard  sliding  door  and  the  cabin  width  rear  ramp  provides  a  variety  of  loading/ 
unloading  options. 

Tactical  Troop  Lift 

Various  configurations  are  possible!  30  fully  equipped  troops  complete  with  four 
anti-tank  Milan  posts  and  Id  rounds  can  be  seated  or  up  to  4S  lightly  armed  troops 
sitting  on  the  floor  with  the  seats  removed.  Loading  and  unloading  trials  have  taken 
place  with  10  fully  armed  troopai  entry  and  exit  times  were  2  minutes  and  40  seconds 
respectively.  This  rapid  unloading  is  accomplished  by  using  the  rear  ramp  and 
minimises  the  time  spent  on  the  ground,  therefore,  greatly  improving  the  survivability 
of  the  helicopter  and  cargo. 

Logic-tic  Support 

Supplies  can  be  taken  direct  from  the  rear  area  supply  depots  to  the  edge  of  the 
battlefield.  The  large  floor  area  of  tha  cabin  combined  with  the  1.85metre  ((ft  1  inch) 
headroom  gives  a  volume  of  28  cubic  metres.  The  BH101  can  accept  two  Landrover  site 
vehicles  or  any  mix  of  loads,  for  example,  one  vehicle,  eight  soldiers,  plus  freight  - 
(Fig.  5).  The  large  cabin  allows  for  the  movement  of  troops/stores  whilst  allowing  the 
aircraft  to  retain  its  natural  agility,  high  cruiae  speed  and  ’nap  of  the  earth*  flight 
capability,  all  essential  requirements  because  it  is  inevitable  that  in  its  logistic 
support  role  the  EH101  will  have  to  operate  some  of  the  time  in  a  hostile  environment. 


Pig.  S  Typical  BH101  Mixed  Load 
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Undsrslung  loads  can  tea  carried  via  a  crant  hook,  tha  maximum  carrying  potantial  of 
tha  haliooptar  being  5440Kg  (12,0001b).  Tha  speed  for  auch  oparation*  la  95  kta  and 
whan  eomblnad  with  tha  necessary  padaatrlan  flight  pattarn  tha  helicopter  becomes  more 
vulnerable  to  enemy  fire  than  whan  In  a  clean  condition.  Such  actlvltlaa  are  beat 
carried  out  In  the  lower  rlak  area*  of  the  battlefield. 


Caaualtv  Bvacuatlon 

On  the  battlefield  area,  a  vital  role  la  tha  'Caaevac'  or  caaualtv  evacuation.  Tha  high 
speed  transfer  of  wounded  front-line  soldiera  to  life-aaving  facilties  la  recognised  as 
a  valuable  morale  raiaar.  The  ability  to  rapidly  load  atretchera  through  tha  large 
rear  ramp  minimises  tha  time  on  tha  ground  and  once  airborne,  at  150  knot*  tha  EH101 
can  carry  16  litters  and  a  five-man  craw,  together  with  full  medical  equipment,  at  a 
range  of  500  nautical  milaa. 


Range  and  Performance 

Example*  of  tha  EH101  range  and  performance  for  varying  applications  of  role  are  aa 
follows  and  are  baaad  on  a  speed  of  150  knot*  for  internal  load*  at  an  altitude  of 
500m  AMSL  under  ISA  conditions  with  a  radius  of  action  of  75  nautical  milesi 


10  troop*  at  130Kg  each 

'n'ernal  freight  of  4536kg 

Landrover  and  trailer  at  2375kg 
2  drivers  at  220kg.  and  freight  at  1941kg 


2  round  trips  without  refuelling 
1  round  trip  without  refuelling 

1  round  trip  without  refuelling 

2  round  trips  without  refuelling 


16  stretcher  patient*  t 

Availability 

The  operational  availability  of  the  EH101  has  been  enhanced  through  the  inclusion  of 
a  number  of  high  technology  features. 


The  EH101  is  unique  in  that  a  Health  and  Usage  Monitoring  (HUM)  system  has  been 
developed  concurrently  with  the  airframe,  dynamic  and  avionic  systems.  The  EHlOl’s 
HUM  system  is  the  most  advanced  system  yet  incorporated  into  a  helicopter,  providing 
real  time  stored  information  not  only  from  transmission  but  also  from  engines  and 
critical  components,  working  toward  "on-condition"  maintenance  and  lower  operating 
costs.  The  application  of  "on-condition"  maintenance  will  reduce  downtime  by  not 
having  to  carry  out  what  is  effectively  unnecessary  maintenance,  hum  itself  will  also 
reduce  maintenance  time  as  the  system  will  enable  faults  to  be  isolated  quickly  to 
line  replacement  unit  (LRU)  level. 


Operational  sorties  may  be  called  for  during  poor  weather  or  at  night ;  however,  the 
need  to  maintain  tactical  flight  patterns  under  such  conditions  remain  thereby 
increasing  the  risk  of  the  mission.  The  design  of  the  EH101  has  sought  to  redress 
these  problems.  The  helicopter  carries  full  anti  and  de-icing  systems,  thereby 
overcoming  the  severe  weather  icing  conditions  encountered  in  the  northern  or 
mountainous  areas  of  Europe.  Navigational  aids  such  as  Global  Positioning  Systems  (GPS), 
Terrain  Reference  Navigational  Systems  and  Digital  Maps  can  be  integrated  into  the  EH101 
to  provide  24-hour  all  weather  pin-point  navigation  around  the  battlefield  area.  Night 
time  flying  in  particular  will  be  enhanced  by  the  application  of  a  Night  Vision  Goggle 
(NVG)  compatible  cockpit.  The  combination  of  all  these  aids  to  poor  weather  and  night 
time  flying  improves  the  availability  and  effectiveness  of  the  EH101  to  a  level  not 
seen  before  in  tactical  support  helicopters. 

CONCLUSION 


The  recent  developments  in  Europe  concerning  the  changes  of  controlling  authorities  in 
Soviet  satellite  countries  and  the  initiatives  taxen  by  Mr.  Gorbachev  to  reduce  the 
number  of  arms  to  be  deployed  in  the  future,  has  brought  about  much  debate  and  radical 
re-thinking. 

Whilst  pursuing  and  supporting  these  new  and  welcomed  developments  and  at  the  same 
time  ensuring  the  continued  safety  of  our  nations  against  any  aggressor,  the  helicopter 
is  likely  to  play  an  even  more  vital  role  than  is  seen  today. 

A  reduction  of  troops  in  Europe  calls  for  those  that  remain  to  be  more  effective  than 
at  present  which  in  turn  requires  that  they  are  more  mobile  and  it  is  here  that  the 
EH101  will  play  ita  role.  Battlefield  Commanders  will  have  at  their  disposal  a  vehicle 
which  is  faet,  agile  and  capable  of  transporting  large  numbers  of  troops  and/or  freight 
to  repulse  hostile  actions. 
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Designed  fax  exeotly  this  role,  the  philosphy  applied  to  the  IH101  ft on  ita  incaption 
haa  been  to  provide  thro*  engine  safety  Aedvanoed  avionic  systems,  increased  redundancy 
and  greater  survivability.  Ail  of  these  thing*  have  resulted  in  a  rotoreraft  capable 
of  providing  aafa  KOI,  day  or  night,  all  weather  flying  with  a  rapid  response  to  role 
changes • 

The  SH101  Utility  variant  ia  the  ideal  airmobile  tactical  aupport  helicopter  for  the 
1990 'a  and  beyond. 
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